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A glass - ceramic includes SiO , from about 50 mol % to about 
80 mol % , Al2O3 from about 0 . 3 mol % to about 15 mol % , 
B203 from about 5 mol % to about 40 mol % , WO3 from 
about 2 mol % to about 15 mol % , and R O from about O mol 
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Na2O , K20 , Rb20 and Cs20 . A difference in the amount of 
the R20 and the Al2O3 ranges from about - 12 mol % to 
about 2 . 5 mol % . 
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GLASS - CERAMICS AND METHODS OF 
MAKING THE SAME 

[ 0001 ] This application claims the benefit of priority to 
U . S . Provisional Application Ser . No . 62 / 598 , 108 filed on 
Dec . 13 , 2017 , the content of which is relied upon and 
incorporated herein by reference in its entirety . 

FIELD OF THE DISCLOSURE 

[ 0002 ] The disclosure generally relates to glass - ceramics 
and methods of making them , including glass - ceramic mate 
rials and articles that include tungsten oxide , aluminoboro 
silicate compositions . 

BACKGROUND 

[ 0003 ] Specialized transparencies useful in the blocking or 
decreased transmission of low wavelength light ( e . g . , blue 
colors and lower ) are often desired for a variety of industrial 
applications including applications utilizing lasers . Such 
transparencies may be known as “ blue blockers . ” Due to the 
harsh operating conditions in which the transparency may be 
utilized , ultraviolet ( UV ) rejecting coatings may not be 
suitable because the coatings often lack the necessary 
mechanical , chemical , and thermal durability . UV absorbing 
glasses also can be utilized , but the UV absorbent dopants 
employed in UV absorbing glasses may impart color or 
otherwise negatively affect the optical properties of the 
glass . Further , glasses employing dopants cadmium and 
selenium may be highly toxic . The optical absorbance of 
virtually all UV absorbing glasses is dictated by composition 
of the glass and melting conditions inside the furnace ( e . g . , 
oxidizing or reducing furnace atmosphere ) because the 
composition and furnace atmosphere dictates the oxidation 
state or ratio of oxidation states of the dopant ( s ) . Thus , once 
these glasses are melted and formed , minimal post - process 
ing can modify their optical absorbance . 
[ 0004 ] Similar to UV absorbance , there are several tech 
niques for producing relatively large refractive index deltas 
within a material ( e . g . , a glass ion exchanged with silver ) . 
These techniques , while producing relatively large refractive 
index deltas are optically altering glass in other ways , for 
example increasing haze , scattering , or undesired absorption 
of visible light wavelength . There are tradeoffs and limita 
tions with each technique , but the key parameters when 
evaluating these methods are the feature size that can be 
patterned ( i . e . , resolution ) , the change in refractive index 
( delta n or An ) that can be induced , and the transmittance . 
Accordingly , there is a need for the development of UV 
absorbing materials having a low CTE , low toxicity , a 
modulatable UV cutoff and / or a modulatable refractive 
index . 

[ 0006 ] According to some aspects of the present disclo 
sure , a glass - ceramic includes SiO2 from about 55 mol % to 
about 75 mol % , Al2O2 from about 5 mol % to about 12 mol 
% , B , 0 , from about 10 mol % to about 25 mol % , WO , from 
about 4 mol % to about 10 mol % , and R , O from about 3 mol 
% to about 12 mol % . R O is one or more of Li , O , Na , O , 
K20 , Rb20 and Cs20 . The glass - ceramic includes an optical 
transmittance of at least 60 % from about 700 nm to about 
2700 nm and a sharp cutoff wavelength from about 320 nm 
to about 420 nm . 
[ 0007 ] According to further aspects of the present disclo 
sure , a method of forming a glass - ceramic article is pro 
vided , comprising the steps of : forming a molten glass 
comprising SiO , from about 50 mol % to about 80 mol % , 
A1 , 0 , from about 1 mol % to about 15 mol % , B , 0 , from 
about 5 mol % to about 40 mol % , and WO , from about 2 
mol % to about 15 mol % , cooling the molten glass to form 
a glass - ceramic article having an ultraviolet light cutoff at a 
first cutoff wavelength and a first refractive index at a 
reference wavelength , and heat - treating a portion of the 
glass - ceramic article at a predetermined temperature for a 
predetermined time to form a plurality of crystalline pre 
cipitates comprising tungsten within a heat - treated portion 
of the glass - ceramic article . The heat treated portion of the 
glass - ceramic article exhibits at least one of an ultraviolet 
light cutoff at a second cutoff wavelength and a second 
refractive index at the reference wavelength . 
[ 0008 ] According to further aspects of the present disclo 
sure , a glass - ceramic article includes SiO , from about 50 
mol % to about 80 mol % , A1 , 0 , from about 1 mol % to 
about 15 mol % , B , 02 from about 5 mol % to about 40 mol 
% , WO , from about 2 mol % to about 15 mol % . A first 
portion having an ultraviolet light cutoff at a first cutoff 
wavelength and a first refractive index at a reference wave 
length , and a heat treated portion comprising a plurality of 
crystalline precipitates comprising tungsten . Wherein the 
heat treated portion of the glass - ceramic article exhibits at 
least one of an ultraviolet light cutoff at a second cutoff 
wavelength and a second refractive index at the reference 
wavelength . 
[ 0009 ] Additional features and advantages will be set forth 
in the detailed description which follows , and will be readily 
apparent to those skilled in the art from that description or 
recognized by practicing the embodiments as described 
herein , including the detailed description which follows , the 
claims , as well as the appended drawings . 
[ 0010 ] It is to be understood that both the foregoing 
general description and the following detailed description 
are merely exemplary , and are intended to provide an 
overview or framework to understanding the nature and 
character of the disclosure and the appended claims . 
[ 0011 ] The accompanying drawings are included to pro 
vide a further understanding of principles of the disclosure , 
and are incorporated in , and constitute a part of , this speci 
fication . The drawings illustrate one or more embodiment ( s ) 
and , together with the description , serve to explain , by way 
of example , principles and operation of the disclosure . It is 
to be understood that various features of the disclosure 
disclosed in this specification and in the drawings can be 
used in any and all combinations . By way of non - limiting 
examples , the various features of the disclosure may be 
combined with one another according to the following 
embodiments . 

SUMMARY OF THE DISCLOSURE 
[ 0005 ] According to some aspects of the present disclo 
sure , a glass - ceramic includes SiO2 from about 50 mol % to 
about 80 mol % , A1 , 02 from about 0 . 3 mol % to about 15 
mol % , B203 from about 5 mol % to about 40 mol % , WO ; 
from about 2 mol % to about 15 mol % , and R2O from about 
O mol % to about 15 mol % . R20 is one or more of Li20 , 
Na , O , K20 , Rb , and Cs 0 . A difference in the amount of 
the R20 and the Al2O3 ranges from about - 12 mol % to 
about 2 . 5 mol % . 
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flats of composition 889FME in the as - made un - annealed 
state and heat treated condition ( 600° C . 1 h and 700° C . 1 
h ) ; 
[ 0032 ] FIGS . 13A and 13B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 
flats of composition 889FMG in the as - made un - annealed 
state and heat treated condition ( 700° C . 1 h and 700° C . 2 
h ) ; 
[ 0033 ] FIGS . 14A - 14D are TEM micrographs at four 
different magnifications of titanium - containing crystals 
within a heat treated sample of composition 889FMC that 
was heat treated at 700° C . for one hour ; 
[ 0034 ] FIG . 15A is a TEM micrograph of titanium - con 
taining crystals within a heat treated sample of composition 
889FMC that was heat treated at 700° C . for one hour ; and 
0035 ] FIG . 15B is an electron dispersive spectroscopy 

( EDS ) elemental map of titanium of the TEM micrograph of 
FIG . 19A . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0012 ] The following is a description of the figures in the 
accompanying drawings . The figures are not necessarily to 
scale , and certain features and certain views of the figures 
may be shown exaggerated in scale or in schematic in the 
interest of clarity and conciseness . 
[ 0013 ] In the drawings : 
[ 0014 ] FIG . 1A is a cross - sectional view of an article , 
according to at least one example of the disclosure ; 
[ 0015 ] FIG . 1B is a cross - sectional view of an article , 
according to at least one example of the disclosure ; 
[ 0016 ] FIG . 2 is a flowchart illustrating a method , accord 
ing to at least one example ; 
[ 0017 ] FIG . 3A is a plot of transmittance vs . wavelength of 
heat - treated glass - ceramics prepared according to at least 
one example of the disclosure ; 
[ 0018 ] FIG . 3B is the plot in FIG . 3A , as rescaled to show 
the cutoff wavelength of the heat - treated glass - ceramic 
samples ; 
[ 0019 ] FIG . 4A is an image of an unannealed sample of the 
glass - ceramic of the present disclosure ; 
[ 0020 ] FIG . 4B is an image of a sample of the glass 
ceramic of the present disclosure heat - treated at 550° C . for 
2 hours and 16 minutes ; 
[ 0021 ] FIG . 4C is an image of a sample of the glass 
ceramic of the present disclosure heat - treated at 600° C . for 
1 hour and 38 minutes ; 
100221 FIG . 5 is a plot of refractive index ( n ) vs . wave 
length ( nm ) of an unannealed glass - ceramic example and a 
heat treated glass - ceramic example ; 
[ 0023 ] FIG . 6 is a plot of refractive index delta vs wave 
length for the samples of FIG . 5 ; 
[ 0024 ] FIG . 7A is a plot of powder X - ray diffraction data 
of a tungsten oxide glass - ceramic in a green amorphous 
state , according to at least one example of the disclosure ; 
[ 0025 ] FIG . 7B is a plot of powder X - ray diffraction data 
of a tungsten oxide glass - ceramic in a heat treated ( 700° C . 
for 30 minutes ) state , according to at least one example of 
the disclosure ; 
[ 0026 ] FIG . 7C is a plot of powder X - ray diffraction data 
of a tungsten oxide glass - ceramic in an annealed state , 
according to at least one example of the disclosure ; 
[ 0027 ] FIGS . 8A and 8B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 
flats of composition 889FLZ in the as - made un - annealed 
state and heat treated condition ( 600° C . 1 h ) ; 11 / 18 
0028 ] FIGS . 9A and 9B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 
flats of composition 889FMB in the as - made un - annealed 
state and heat treated condition ( 700° C . 1 h ) ; 
[ 0029 ] FIGS . 10A and 10B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 
flats of composition 889FMC in the as - made un - annealed 
state and heat treated condition ( 500° C . 1 h and 600° C . 1 
h ) ; 
[ 0030 ] FIGS . 11A and 11B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 
flats of composition 889FMD in the as - made un - annealed 
state and heat treated condition ( 500° C . 1 h and 600° C . 1 
h ) ; 
[ 0031 ] FIGS . 12A and 12B are transmittance spectra and 
absorbance spectra in OD / mm collected of 0 . 5 mm polished 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[ 0036 ] Additional features and advantages will be set forth 
in the detailed description which follows and will be appar 
ent to those skilled in the art from the description , or 
recognized by practicing the embodiments as described in 
the following description , together with the claims and 
appended drawings . 
[ 0037 ] As used herein , the term “ and / or , ” when used in a 
list of two or more items , means that any one of the listed 
items can be employed by itself , or any combination of two 
or more of the listed items can be employed . For example , 
if a composition is described as containing components A , 
B , and / or C , the composition can contain A alone ; B alone ; 
C alone ; A and B in combination ; A and C in combination ; 
B and C in combination ; or A , B , and C in combination . 
[ 0038 ] In this document , relational terms , such as first and 
second , top and bottom , and the like , are used solely to 
distinguish one entity or action from another entity or action , 
without necessarily requiring or implying any actual such 
relationship or order between such entities or actions . 
[ 00391 Modifications of the disclosure will occur to those 
skilled in the art and to those who make or use the disclo 
sure . Therefore , it is understood that the embodiments 
shown in the drawings and described above are merely for 
illustrative purposes and not intended to limit the scope of 
the disclosure , which is defined by the following claims , as 
interpreted according to the principles of patent law , includ 
ing the doctrine of equivalents . 
[ 0040 ] For purposes of this disclosure , the term “ coupled ” 
( in all of its forms : couple , coupling , coupled , etc . ) generally 
means the joining of two components ( electrical or mechani 
cal ) directly or indirectly to one another . Such joining may 
be stationary in nature or movable in nature . Such joining 
may be achieved with the two components ( electrical or 
mechanical ) and any additional intermediate members being 
integrally formed as a single unitary body with one another 
or with the two components . Such joining may be permanent 
in nature , or may be removable or releasable in nature , 
unless otherwise stated . 
[ 0041 ] As used herein , the term “ about ” means that 
amounts , sizes , formulations , parameters , and other quanti 
ties and characteristics are not and need not be exact , but 
may be approximate and / or larger or smaller , as desired , 
reflecting tolerances , conversion factors , rounding off , mea 
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Procedure C includes using a glass or glass - ceramic disc as 
the specimen having a thickness of 5 to 10 mm and a 
diameter of 12 . 7 mm . The disc is isotropic and homoge 
neous , and is core - drilled with both faces polished and 
parallel . The modified Procedure C also includes calculating 
the maximum force , Fmax , to be applied to the disc . The 
force should be sufficient to produce at least 20 MPa 
compression stress . Fmax is calculated using the equation : 

Fmax = 7 . 854 * D * h 

surement error and the like , and other factors known to those 
of skill in the art . When the term " about " is used in 
describing a value or an end - point of a range , the disclosure 
should be understood to include the specific value or end 
point referred to . Whether or not a numerical value or 
end - point of a range in the specification recites about , ” the 
numerical value or end - point of a range is intended to 
include two embodiments : one modified by “ about , ” and one 
not modified by “ about . ” It will be further understood that 
the end - points of each of the ranges are significant both in 
relation to the other end - point , and independently of the 
other end - point . 
[ 0042 ] The terms " substantial , ” “ substantially , " and varia 
tions thereof as used herein are intended to note that a 
described feature is equal or approximately equal to a value 
or description . For example , a “ substantially planar ” surface 
is intended to denote a surface that is planar or approxi 
mately planar . Moreover , “ substantially ” is intended to 
denote that two values are equal or approximately equal . In 
some embodiments , “ substantially ” may denote values 
within about 10 % of each other , such as within about 5 % of 
each other , or within about 2 % of each other . 
[ 0043 ] As used herein the terms “ the , ” “ a , ” or “ an , " mean 
" at least one , ” and should not be limited to " only one ” unless 
explicitly indicated to the contrary . Thus , for example , 
reference to “ a component ” includes embodiments having 
two or more such components unless the context clearly 
indicates otherwise . 
[ 0044 ] As also used herein , the terms " glass - ceramics , " 
" glass elements , " " glass - ceramic article ” and “ glass - ceramic 
articles ” are used interchangeably , and in their broadest 
sense , to include any object made wholly or partly of glass 
and / or glass - ceramic material . Unless otherwise specified , 
all compositions are expressed in terms of mole percent ( mol 
% ) . Coefficients of thermal expansion ( CTE ) are expressed 
in terms of 10 - 11° C . and represent a value measured over a 
temperature range from about 20° C . to about 300° C . unless 
otherwise specified . 
[ 0045 ] As used herein , " transmission ” and “ transmit 
tance ” refer to external transmission or transmittance , which 
takes absorption , scattering and reflection into consider 
ation . Fresnel reflection is not subtracted out of the trans 
mission and transmittance values reported herein . 
[ 0046 ] As also used herein , the term “ [ constituent ] - free 
( glass or glass - ceramic ] ” ( e . g . , " cadmium and selenium - free 
glass - ceramic ” ) , is indicative of a glass or a glass - ceramic 
that is completely free , or substantially free ( i . e . , < 500 ppm ) , 
of the listed constituent ( s ) and is prepared such that the listed 
constituent ( s ) are not actively , intentionally or purposefully 
added or batched into the glass or glass - ceramic . 
[ 0047 ] As it relates to the glass - ceramics , glass - ceramic 
materials and articles of the disclosure , compressive stress 
and depth of compression ( “ DOC ” ) are measured by evalu 
ating surface stress using commercially available instru 
ments , such as the FSM - 6000 , manufactured by Orihara Co . , 
Lt . ( Tokyo , Japan ) , unless otherwise noted herein . Surface 
stress measurements rely upon the accurate measurement of 
the stress optical coefficient ( " SOC ” ) , which is related to the 
birefringence of the glass . SOC in turn is measured accord 
ing to a modified version of Procedure C , which is described 
in ASTM standard C770 - 98 ( 2013 ) ( “ modified Procedure 
C ” ) , entitled “ Standard Test Method for Measurement of 
Glass Stress - Optical Coefficient , ” the contents of which is 
incorporated herein by reference in its entirety . The modified 

where Fmax is the maximum force as measured in Newton 
( N ) , D is the diameter of the disc as measured in millimeter 
( mm ) , and h is the thickness of the light path as measured in 
millimeter ( mm ) . For each force applied , the stress is 
computed using the equation : 

O ( MPa ) = 8F / ( T * D * h ) 
where F is the force as measured in Newton ( N ) , D is the 
diameter of the disc as measured in millimeter ( mm ) , and h 
is the thickness of the light path as measured in millimeter 
( mm ) . 
[ 0048 ] . As also used herein , the terms " sharp cutoff wave 
length ” and “ cutoff wavelength " are used interchangeably 
and refer to a cutoff wavelength within a range of about 350 
nm to 800 nm in which the glass - ceramic has a substantially 
higher transmittance above the cutoff wavelength ( a ) in 
comparison to its transmittance below the cutoff wavelength 
( ) . The cutoff wavelength ( 2 ) is the wavelength at the 
midpoint between an “ absorption limit wavelength ” and a 
“ high transmittance limit wavelength ” in the given spectra 
for the glass - ceramic . The " absorption limit wavelength ” is 
specified as the wavelength in which the transmittance is 
5 % ; and in the “ high transmittance wavelength ” is defined as 
the wavelength in which the transmittance is 72 % . It will be 
understood that a “ sharp UV cutoff ” as used herein may be 
a sharp cutoff wavelength of cutoff wavelength as described 
above which occurs within the ultraviolet band of the 
electromagnetic spectrum . 
[ 0049 ] Referring now to FIGS . 1A and 1B , an article 10 is 
depicted that includes a substrate 14 having a glass and / or 
glass - ceramic composition according to the disclosure . The 
article 10 can be employed in any number of applications . 
For example , the article 10 and / or substrate 14 can be 
employed in the form of substrates , elements , covers and 
other elements in any of the following applications : micro 
lens arrays ; Bragg reflectors ; gradient refractive index 
lenses ; optical fibers ; waveguides ; volume gratings ( e . g . , in 
augmented reality device engines ) and / or ultraviolet laser 
eye protection lenses . 
10050 ] The substrate 14 defines or includes a pair of 
opposing primary surfaces 18 , 22 . In some examples of the 
article 10 , the substrate 14 includes a compressive stress 
region 26 . As shown in FIG . 1A , the compressive stress 
region 26 extends from the primary surface 18 to a first 
selected depth 30 in the substrate . Further , in some 
examples , multiple compressive stress regions 26 may 
extend from the primary surfaces 18 , 22 and / or edges of the 
substrate 14 . The substrate 14 may have a selected length 
and width , or diameter , to define its surface area . The 
substrate 14 may have at least one edge between the primary 
surfaces 18 , 22 of the substrate 14 defined by its length and 
width , or diameter . The substrate 14 may also have a 
selected thickness . In some examples , the substrate 14 has a 
thickness of from about 0 . 2 mm to about 1 . 5 mm , from about 
0 . 2 mm to about 1 . 3 mm , and from about 0 . 2 mm to about 
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1 . 0 mm . In other examples , the substrate 14 has a thickness 
of from about 0 . 1 mm to about 1 . 5 mm , from about 0 . 1 mm 
to about 1 . 3 mm , or from about 0 . 1 mm to about 1 . 0 mm . 
[ 0051 ] As used herein , a " selected depth , ” ( e . g . , first 
selected depth 30 ) “ depth of compression ” and “ DOC ” are 
used interchangeably to define the depth at which the stress 
in the substrate 14 , as described herein , changes from 
compressive to tensile . DOC may be measured by a surface 
stress meter , such as an FSM - 6000 , or a scattered light 
polariscope ( SCALP ) depending on the ion exchange treat 
ment . Where the stress in a substrate 14 having a glass or a 
glass - ceramic composition is generated by exchanging 
potassium ions into the glass substrate , a surface stress meter 
is used to measure DOC . Where the stress is generated by 
exchanging sodium ions into the glass substrate , SCALP is 
used to measure DOC . Where the stress in the substrate 14 
having a glass or glass - ceramic composition is generated by 
exchanging both potassium and sodium ions into the glass 
substrate , the DOC is measured by SCALP , since it is 
believed the exchange depth of sodium indicates the DOC 
and the exchange depth of potassium ions indicates a change 
in the magnitude of the compressive stress ( but not the 
change in stress from compressive to tensile ) . The exchange 
depth of potassium ions in such glass substrates is measured 
by a surface stress meter . As also used herein , the " maximum 
compressive stress ” is defined as the maximum compressive 
stress within the compressive stress region 26 in the sub 
strate 14 . In some examples , the maximum compressive 
stress is obtained at or in close proximity to the one or more 
primary surfaces 18 , 22 defining the compressive stress 
region 26 . In other examples , the maximum compressive 
stress is obtained between the one or more primary surfaces 
18 , 22 and the selected depth 30 of the compressive stress 
region 26 . 
[ 0052 ] In some examples of the article 10 , as depicted in 
exemplary form in FIG . 1A , the substrate 14 is selected from 
a chemically strengthened alumino - boro - silicate glass or 
glass - ceramic . For example , the substrate 14 can be selected 
from chemically strengthened alumino - boro - silicate glass or 
glass - ceramic having a compressive stress region 26 extend 
ing to a first selected depth 30 of greater than 10 um , with 
a maximum compressive stress of greater than 150 MPa . In 
further examples , the substrate 14 is selected from a chemi 
cally strengthened alumino - boro - silicate glass or glass - ce 
ramic having a compressive stress region 26 extending to a 
first selected depth 30 of greater than 25 um , with a 
maximum compressive stress of greater than 400 MPa . The 
substrate 14 of the article 10 may also include one or more 
compressive stress regions 26 that extend from one or more 
of the primary surfaces 18 , 22 to a selected depth 30 ( or 
depths ) having a maximum compressive stress of greater 
than about 150 MPa , greater than 200 MPa , greater than 250 
MPa , greater than 300 MPa , greater than 350 MPa , greater 
than 400 MPa , greater than 450 MPa , greater than 500 MPa , 
greater than 550 MPa , greater than 600 MPa , greater than 
650 MPa , greater than 700 MPa , greater than 750 MPa , 
greater than 800 MPa , greater than 850 MPa , greater than 
900 MPa , greater than 950 MPa , greater than 1000 MPa , and 
all maximum compressive stress levels between these val 
ues . In some examples , the maximum compressive stress is 
2000 MPa or lower . In some embodiments , the maximum 
compressive stress is about 150 MPa to about 2000 MPa . In 
some embodiments , the maximum compressive stress is 
about 200 MPa to about 2000 MPa . In some embodiments , 

the maximum compressive stress is about 250 MPa to about 
2000 MPa . In some embodiments , the maximum compres 
sive stress is about 300 MPa to about 2000 MPa . In some 
embodiments , the maximum compressive stress is about 350 
MPa to about 2000 MPa . In some embodiments , the maxi 
mum compressive stress is about 400 MPa to about 2000 
MPa . In some embodiments , the maximum compressive 
stress is about 450 MPa to about 2000 MPa . In some 
embodiments , the maximum compressive stress is about 500 
MPa to about 2000 MPa . In some embodiments , the maxi 
mum compressive stress is about 550 MPa to about 2000 
MPa . In some embodiments , the maximum compressive 
stress is about 600 MPa to about 2000 MPa . In some 
embodiments , the maximum compressive stress is about 650 
MPa to about 2000 MPa . In some embodiments , the maxi 
mum compressive stress is about 700 MPa to about 2000 
MPa . In some embodiments , the maximum compressive 
stress is about 750 MPa to about 2000 MPa . In some 
embodiments , the maximum compressive stress is about 800 
MPa to about 2000 MPa . In some embodiments , the maxi 
mum compressive stress is about 850 MPa to about 2000 
MPa . In some embodiments , the maximum compressive 
stress is about 900 MPa to about 2000 MPa . In some 
embodiments , the maximum compressive stress is about 
1000 MPa to about 2000 MPa . In addition , the depth of 
compression ( DOC ) or first selected depth 30 can be set at 
10 um or greater , 15 um or greater , 20 um or greater , 25 um 
or greater , 30 um or greater , 35 um or greater , and to even 
higher depths , depending on the thickness of the substrate 10 
and the processing conditions associated with generating the 
compressive stress region 26 . In some examples , the DOC is 
less than or equal to 0 . 3 times the thickness ( t ) of the 
substrate 14 , for example 0 . 3 t , 0 . 28 t , 0 . 26 t , 0 . 25 t , 0 . 24 t , 
0 . 23 t , 0 . 22 t , 0 . 21 t , 0 . 20 t , 0 . 19 t , 0 . 18 t , 0 . 15 t , or 0 . 1 t and 
all values therebetween . 
10053 ] The substrate 14 of the article 10 can be charac 
terized by a glass - ceramic composition . The glass - ceramic 
composition may have a coefficient of thermal expansion of 
from about 10x10 - 70 C . - 1 to about 60x10 - 7° C . Further , the 
glass - ceramic exhibits good durability and resistance to 
moisture . The glass - ceramic compositions of the present 
disclosure may have one or more of the physical properties 
disclosed in Table 1 . 

TABLE 1 
Physical Property Value 

963 . 1 
557 
495 

Softening Point ( °C . ) 
Annealing Point ( °C . ) 
Strain Point ( C . ) 
Coefficient of Thermal 
Expansion ( E - 71° C . at 20° C . ) 
Density ( g / cm3 at 4° C . ) 

33 . 5 

2 . 335 

[ 0054 ] In various examples , the glass - ceramic composi 
tion of the substrate 14 may include A1 , 02 , Sion , B , 0z , 
WO3 and an optional alkali metal oxide . The glass - ceramic 
composition may include from about 0 . 3 mol % to about 15 
mol % A1 , 03 , or from about 5 mol % to about 12 mol % 
A1 , 02 , or from about 5 mol % to about 10 mol % A1 , 02 . For 
example , the glass - ceramic composition may have about 0 . 3 
mol % , 0 . 5 mol % , 0 . 8 mol % , 1 mol % , 2 mol % , 3 mol % . 
4 mol % , 5 mol % , 6 mol % , 7 mol % , 8 mol % , 9 mol % , 
10 mol % , 11 mol % , 12 mol % , 13 mol % , 14 mol % or 
about 15 mol % of Al2O3 . The glass - ceramic composition 



US 2019 / 0177209 A1 Jun . 13 , 2019 

may contain from about 5 mol % to about 40 mol % of B203 , 
or about 10 mol % to about 25 mol % B , 03 . It will be 
understood that any and all values between about 5 mol % 
to about 40 mol % of B203 are contemplated . The glass 
ceramic composition may have from about 50 mol % to 
about 80 mol % SiO2 , or from about 55 mol % to about 75 
mol % SiO2 , or from about 60 mol % to about 70 mol % 
SiO2 . It will be understood that any and all values between 
about 50 mol % to about 80 mol % of SiO , are contemplated . 
Further , the glass - ceramic may include from about O mol % 
to about 0 . 5 mol % of SnO , , or from about O mol % to about 
0 . 2 mol % of SnO2 , or from about O mol % to about 0 . 1 mol 
% of SnO2 . 
[ 0055 ] The glass - ceramic composition may include at 
least one alkali metal oxide . The alkali metal oxide may be 
represented by the chemical formula R20 where R is one or 
more of Li20 , Na2O , K2O , Rb20 , Cs20 and / or combinations 
thereof . The glass - ceramic composition may have an alkali 
metal oxide composition of from about O mol % to about 15 
mol % , or from about 3 mol % to about 12 mol % , or from 
about 7 mol % to about 10 mol % . For example , the 
glass - ceramic composition may have about 1 mol % , 2 mol 
% , 3 mol % , 4 mol % , 5 mol % , 6 mol % , 7 mol % , 8 mol 
% , 9 mol % , 10 mol % , 11 mol % , 12 mol % , 13 mol % , 14 
mol % or about 15 mol % of an alkali metal oxide . 
According to various examples a difference in the amount of 
the at least one alkali metal oxide and the A1203 ranges from 
about – 12 mol % to about 2 . 5 mol % , or from about - 6 % to 
about 0 . 25 % , or from about - 3 . 0 mol % to about O mol % . 
This allows all alkali to be bound by the glass , preventing it 
from forming alkali tungsten bronzes ( non - stoichiometric 
tungsten sub - oxides ) or stoichiometric alkali tungstates 
( e . g . , Na WOA ) . It will be understood that the glass - ceramic 
composition may have no alkali material oxide content . 
[ 0056 ] The glass - ceramic may be substantially cadmium 
free and substantially selenium free . According to various 
examples , the glass - ceramic can further include at least one 
dopant selected from the group consisting of Ti , V , Cr , Mn , 
Fe , Ni , Cu , Pb , Pd , Au , Cd , Se , Ta , Bi , Ag , Ce , Pr , Nd , and 
Er to alter the ultraviolet , visual , and / or near - infrared absor 
bance . The dopants may have concentration of from about 
0 . 0001 mol % to about 1 . 0 mol % within the glass - ceramic . 
The glass - ceramic may include fluorine in the range of about 
O mol % to about 5 mol % to soften the glass - ceramic . The 
glass - ceramic may include phosphorus in the range of about 
0 mol % to about 5 mol % to further modify physical 
properties of the glass - ceramic and modulate crystal growth . 
The glass - ceramic may include ZnO from about O mol % to 
about 5 mol % to further modify physical properties of the 
glass - ceramic and modulate crystal growth . In some 
embodiments , the glass - ceramic may include Ga203 , In203 
and / or Geo , to further modify physical and optical ( e . g . , 
refractive index ) properties of the glass - ceramic . In some 
embodiments , the Ga203 , In202 and / or Geo , may be sub 
stituted for up to 75 % of Al2O3 and SiO2 , respectively . The 
following trace impurities may be present in the range of 
about 0 . 001 mol % to about 0 . 5 mol % to further modify the 
UV , visible ( e . g . , 390 nm to about 700 nm ) , and near 
infrared ( e . g . , about 700 nm to about 2500 nm ) absorbance 
and / or make the glass - ceramic fluoresce : Ti , V , Cr , Mn , Fe , 
Co , Ni , Cu , Se , Nb , Mo , Tc , Ru , Rh , Pd , Ag , Cd , Te , Ta , Re , 
Os , Ir , Pt , Au , Ti , Pb , Bi , Ce , Pr , Nd , Sm , Eu , Gd , Tb , Dy , 
Ho , Er , Tm , Yb , and Lu . 

f0057 ] The glass - ceramic composition may include from 
about 2 mol % to about 15 mol % , WO3 , or from about 4 mol 
% to about 10 mol % of WOz , or from about 5 mol % to 
about 7 mol % WOz . For example , the glass - ceramic com 
position may have about 2 mol % , 3 mol % , 4 mol % , 5 mol 
% , 6 mol % , 7 mol % , 8 mol % , 9 mol % , 10 mol % , 11 mol 
% , 12 mol % , 13 mol % , 14 mol % or about 15 mol % of 
WO , and all values therebetween . 
[ 0058 ] In various examples , the glass - ceramic composi 
tion of the substrate 14 may include TiO2 . The article may 
include Tio , in a concentration of about 0 . 25 mol % , or 
about 0 . 50 mol % , or about 0 . 75 mol % , or about 1 . 0 mol % , 
or about 2 . 0 mol % , or about 3 . 0 mol % , or about 4 . 0 mol 
% , or about 5 . 0 mol % , or about 6 . 0 mol % , or about 7 . 0 mol 
% , or about 8 . 0 mol % , or about 9 . 0 mol % , or about 10 . 0 
mol % , or about 11 . 0 mol % , or about 12 . 0 mol % , or about 
13 . 0 mol % , or about 14 . 0 mol % , or about 15 . 0 mol % , or 
about 16 . 0 mol % , or about 17 . 0 mol % , or about 18 . 0 mol 
% , or about 19 . 0 mol % , or about 20 . 0 mol % , or about 21 . 0 
mol % , or about 22 . 0 mol % , or about 23 . 0 mol % , or about 
24 . 0 mol % , or about 25 . 0 mol % , or about 26 . 0 mol % , or 
about 27 . 0 mol % , or about 28 . 0 mol % , or about 29 . 0 mol 
% , or about 30 . 0 mol % or any and all values and ranges 
therebetween . For example , the article may include Tio , in 
a concentration of from about 0 . 25 mol % to about 30 mol 
% , or from about 1 mol % to about 30 mol % TiO2 , or from 
about 1 . 0 mol % to about 15 mol % Tio , or from about 2 . 0 
mol % to about 15 mol % TiO , , or from about 2 . 0 mol % to 
about 15 . 0 mol % Tion . It will be understood that any and 
all values and ranges between the above noted ranges of 
TiO2 are contemplated . 
[ 0059 ] According to various examples , the article may 
include one or more metal sulfides . For example , the metal 
sulfides may include Mgs , Na S , and / or ZnS . According to 
various examples , the article may include one or more metal 
sulfides . For example , the metal sulfides may include MgS , 
Na S , and / or ZnS . The article may include metal sulfides in 
a concentration of about 0 . 25 mol % , or about 0 . 50 mol % , 
or about 0 . 75 mol % , or about 1 . 0 mol % , or about 2 . 0 mol 
% , or about 3 . 0 mol % , or about 4 . 0 mol % , or about 5 . 0 mol 
% , or about 6 . 0 mol % , or about 7 . 0 mol % , or about 8 . 0 mol 
% , or about 9 . 0 mol % , or about 10 . 0 mol % , or about 11 . 0 
mol % , or about 12 . 0 mol % , or about 13 . 0 mol % , or about 
14 . 0 mol % , or about 15 . 0 mol % , or about 16 . 0 mol % , or 
about 17 . 0 mol % , or about 18 . 0 mol % , or about 19 . 0 mol 
% , or about 20 . 0 mol % , or about 21 . 0 mol % , or about 22 . 0 
mol % , or about 23 . 0 mol % , or about 24 . 0 mol % , or about 
25 . 0 mol % , or about 26 . 0 mol % , or about 27 . 0 mol % , or 
about 28 . 0 mol % , or about 29 . 0 mol % , or about 30 . 0 mol 
% or any and all values and ranges therebetween . For 
example , the article may include metal sulfides in a concen 
tration of from about 0 . 25 mol % to about 30 mol % , or from 
about 1 . 0 mol % to about 15 mol % , or from about 1 . 5 mol 
% to about 5 mol % . 
[ 0060 ) Similarly to the tungsten and molybdenum oxides 
highlighted above , the examples of the article including 
titanium may also produce a crystalline phase composed of 
precipitates of titanium oxide . The crystalline phase includes 
an oxide , from about 0 . 1 mol % to about 100 mol % of the 
crystalline phase , of Ti and an alkali metal cation . Without 
being bound by theory , it is believed that during thermal 
processing ( e . g . , heat treating ) of the article , titanium cations 
agglomerate to form crystalline precipitates near and or on 
the metal sulfides thereby transforming the glass state into 
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the glass - ceramic state . The metal sulfide may serve a dual 
role in both functioning as a nucleating agent ( i . e . , as the 
metal sulfide may have a higher melting temperature than 
the melt thereby serving as a seed crystal onto which the 
titanium may agglomerate ) and as a reducing agent ( i . e . , 
metal sulfides are high reducing agents and as such the 
agglomerated titanium may be reduced to a 3 + state ) . As 
such , the titanium present in the precipitates may be 
reduced , or partially reduced due to the metal sulfides . For 
example , the titanium within the precipitates may have an 
oxidation state of between 0 and about + 4 . For example , the 
precipitates may have the general chemical structure of 
TiO2 . However , there can also be a significant fraction of 
titanium in the + 3 oxidation state , and in some cases these 
Ti ' cations may be charge stabilized by species intercalated 
into channels in the titania crystal lattice , forming com 
pounds known as non - stoichiometric titanium suboxides , 
“ titanium bronzes , ” or “ bronze - type ” titanium crystals . One 
or more of the above - noted alkali metals and / or dopants may 
be present within the precipitates to compensate the + 3 
charge on the Ti . Titanium bronzes are a group of non 
stoichiometric titanium suboxides that takes the general 
chemical form of MTi0 , where M = one or more dopant 
cation of H , Li , Na , K , Cb , Cr , Ca , Sr , Ba , Zn , Ag , Au , Cu , 
Sn , Cd , In , T1 , Pb , Bi , Th , La , Pr , Nd , Sm , Eu , Gd , Dy , Ho , 
Er , Tm , Yb , Lu , U , V , Cr , Mn , Fe , Ni , Cu , Pd , Se , Ta , Bi , and 
Ce , and where 0 < x < 1 . The structure M , TiO , is considered to 
be a solid state defect structure in which holes ( i . e . vacancies 
or channels in crystal lattice ) in a reduced TiO , network are 
randomly occupied by M atoms , which are dissociated into 
M + cations and free electrons . Depending on the concen 
tration of “ M , ” the material properties can range from 
metallic to semi - conducting , thereby allowing a variety of 
optical absorption and electronic properties to be tuned . The 
more 3 + Ti , the more M + cations may be needed to com 
pensate and the greater the value of x . 
[ 0061 ] Consistent with the above disclosure , titanium 
bronzes are non - stoichiometric compounds generally of 
formula M TiO2 , where M is a cation dopant , such as some 
other metal , most commonly an alkali , and x is a variable 
less than 1 . For clarity , though called a “ bronze ' , these 
compounds are not structurally or chemically related to 
metallic bronze , which is an alloy of copper and tin . Tita 
nium bronzes are a spectrum of solid phases where homo 
geneity varies as a function of x . Depending on dopant M 
and corresponding concentration x , material properties of a 
titanium bronze may range from metallic to semi - conduct 
ing , and exhibit tunable optical absorption . The structure of 
these bronzes is a solid - state defect structure in which M ' 
dopant cations intercalate ( i . e . , occupy ) into holes or chan 
nels of binary oxide hosts and disassociate into M + cations 
and free electrons . 
[ 0062 ] For clarity , McTi0 , is a naming convention for a 
complex system of non - stoichiometric or ‘ sub - stoichiomet 
ric ' compounds , with varying crystal structures that can be 
monoclinic , hexagonal , tetragonal , cubic , or pyrochlore , 
where M can one or a combination of certain elements on the 
periodic table , where x varies from 0 < x < 1 , where the 
oxidation state of the bronze forming specie ( in this case Ti ) 
is a mixture of the specie in its highest oxidation state ( Ti + + ) 
and a lower oxidation state ( e . g . , Ti % + ) , and where the 
number two ( “ 2 ” ) in TiO , represents the number of oxygen 
anions that may be between 1 and 2 . Accordingly , M , TiO2 
may alternatively be expressed as the chemical form 

MTi0 , where 0 < x < 1 , and 1 < z < 2 , or as M TiO2 - where 
0 < x < 1 and ( < z < 1 . However , for brevity , M TIO , is utilized 
for this family of non - stoichiometric crystals . Similarly , 
' bronze ' in general applies to a ternary metal oxide of 
formula M ' M " , Oz where ( i ) M " is a transition metal , ( ii ) 
M " , Oz is its highest binary oxide , ( iii ) M ' is some other 
metal , ( iv ) x is a variable falling in the range 0 < x < 1 . 
[ 0063 ] According to various examples , the glass - ceramic 
article including titanium may be substantially free of W , 
Mo , and rare earth elements . As highlighted above , the 
ability for titanium to form its own suboxides may eliminate 
the need for tungsten and molybdenum and the titanium 
suboxides may not need rare earth elements . 
[ 0064 ] According to various examples , the glass - ceramic 
article may have a low concentration or be free of iron . For 
example , the article may include about 1 mol % or less of Fe , 
or about 0 . 5 mol % or less of Fe , or about 0 . 1 mol % or less 
of Fe , or 0 . 0 mol % Fe or any and all values and ranges 
therebetween 
[ 0065 ] According to various examples , the glass - ceramic 
article may have a low concentration or be free of lithium . 
For example , the article may include about 1 mol % or less 
of Li , or about 0 . 5 mol % or less of Li , or about 0 . 1 mol % 
or less of Li , or 0 . 0 mol % Li or any and all values and ranges 
therebetween . 
[ 0066 ] According to various examples , the glass - ceramic 
article may have a low concentration or be free of zirconium . 
For example , the article may include about 1 mol % or less 
of Zr , or about 0 . 5 mol % or less of Zr , or about 0 . 1 mol % 
or less of Zr , or 0 . 0 mol % Zr or any and all values and 
ranges therebetween . 
[ 0067 ] Similar to the formation of the tungsten or molyb 
denum containing articles , articles including titanium may 
be formed by a method including steps of : melting together 
constituents including silica and titanium to form a glass 
melt ; solidifying the glass melt to form a glass ; and precipi 
tating , within the glass , bronze - type crystals including the 
titanium to form the glass - ceramic . According to various 
examples , the precipitating of the bronze - type crystals may 
be performed via one or more thermal treatments . The 
thermal treatment , for titanium bronze - type crystals , may be 
performed at a temperature of from about 400° C . to about 
900° C . , or from about 450° C . to about 850° C . , or from 
about 500° C . to about 800° C . , or from about 500° C . to 
about 750° C . , or from about 500° C . to about 700° C . or any 
and all values and ranges therebetween . In other words , 
precipitating the bronze - type crystals is performed at a 
temperature of from about 450° C . to about 850° C . or 
precipitating the bronze - type crystals is performed at a 
temperature of from about 500° C . to about 700° C . The 
thermal treatment may be carried out for a time period of 
from about 15 minutes to about 240 minutes , or from about 
15 minutes to about 180 minutes , or from about 15 minutes 
to about 120 minutes , or from about 15 minutes or about 90 
minutes , or from about 30 minutes to about 90 minutes , or 
from about 60 minutes to about 90 minutes or any and all 
values and ranges therebetween . In other words , precipitat 
ing the bronze - type crystals is performed for a time period 
of from about 15 minutes to about 240 minutes or precipi 
tating the bronze - type crystals is performed for a time period 
of from about 60 minutes to about 90 minutes . The thermal 
treatment may be carried out in ambient air , in an inert 
atmosphere or in a vacuum . 
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[ 0068 ] Formation of the titanium suboxides in titanium 
containing examples of the article may result in a difference 
in absorption and transmittance of different wavelength 
bands of light . In a ultraviolet ( UV ) band of light ( e . g . , from 
about 200 nm to about 400 nm ) the article in the glass - state , 
prior to precipitation of the titanium suboxides , may have an 
average UV transmittance of about 18 % to about 30 % . For 
example , the average UV transmittance of the article in the 
glass - state may be about 18 % , or about 19 % , or about 20 % , 
or about 21 % , or about 22 % , or about 23 % , or about 24 % , 
or about 25 % , or about 26 % , or about 27 % , or about 28 % , 
or about 29 % , or about 30 % or any and all values and ranges 
therebetween . After the formation or precipitation of the 
titanium suboxides , the article in the glass - ceramic state may 
have an average UV transmittance of about 0 . 4 % to about 
18 % . For example , the average UV transmittance of the 
article in the glass - ceramic state may be about 0 . 4 % , or 
about 0 . 5 % , or about 1 % , or about 2 % , or about 3 % , or about 
4 % , or about 5 % , or about 6 % , or about 7 % , or about 8 % , 
or about 9 % , or about 10 % , or about 11 % or about 12 % or 
about 13 % or about 14 % or about 15 % or about 16 % or 
about 17 % or about 18 % or any and all values and ranges 
therebetween . It will be understood that the above - noted 
transmittance values may exist in articles having a thickness , 
or path length of the light , of from about 0 . 4 mm to about 
1 . 25 mm . 
[ 0069 ] In a visible band of light ( e . g . , from about 400 nm 
to about 750 nm ) the article in the glass - state , prior to 
precipitation of the titanium suboxides , may have an average 
visible transmittance of about 60 % to about 85 % . For 
example , the average visible transmittance of the article in 
the glass - state may be about 60 % , or about 61 % , or about 
62 % , or about 63 % , or about 64 % , or about 65 % , or about 
66 % , or about 67 % , or about 68 % , or about 69 % , or about 
70 % , or about 71 % , or about 72 % , or about 73 % , or about 
74 % , or about 75 % , or about 76 % , or about 77 % , or about 
78 % , or about 79 % , or about 80 % , or about 81 % , or about 
82 % , or about 83 % , or about 84 % , or about 85 % or any and 
all values and ranges therebetween . After the formation or 
precipitation of the titanium suboxides , the article in the 
glass - ceramic state may have an average visible transmit 
tance of about 4 % to about 85 % . For example , the average 
UV transmittance of the article in the glass - ceramic state 
may be about 4 % , or about 5 % , or about 10 % , or about 20 % , 
or about 30 % , or about 40 % , or about 50 % , or about 60 % , 
or about 70 % , or about 80 % , or about 85 % or any and all 
values and ranges therebetween . It will be understood that 
the above - noted transmittance values may exist in articles 
having a thickness , or path length of the light , of from about 
0 . 4 mm to about 1 . 25 mm . 
[ 0070 ] In a near - infrared ( NIR ) band of light ( e . g . , from 
about 750 nm to about 1500 nm ) the article in the glass - state , 
prior to precipitation of the titanium suboxides , may have an 
average NIR transmittance of about 80 % to about 90 % . For 
example , the average NIR transmittance of the article in the 
glass - state may be about 80 % , or about 81 % , or about 82 % , 
or about 83 % , or about 84 % , or about 85 % , or about 86 % , 
or about 87 % , or about 88 % , or about 89 % , or about 90 % or 
any and all values and ranges therebetween . After the 
formation or precipitation of the titanium suboxides , the 
article in the glass - ceramic state may have an average NIR 
transmittance of about 0 . 1 % to about 10 % . For example , the 
average UV transmittance of the article in the glass - ceramic 
state may be about 1 % , or about 2 % , or about 3 % , or about 

4 % , or about 5 % , or about 6 % , or about 7 % , or about 8 % , 
or about 9 % , or about 10 % or any and all values and ranges 
therebetween . It will be understood that the above - noted 
transmittance values may exist in articles having a thickness , 
or path length of the light , of from about 0 . 4 mm to about 
1 . 25 mm . 
[ 0071 ] In the NIR band of light , the article in the glass 
state , without the titanium suboxides , may have an average 
optical density per mm ( i . e . , a first near - infrared absorbance ) 
of about 0 . 4 or less , or about 0 . 35 or less , or about 0 . 3 or less , 
or about 0 . 25 or less , or about 0 . 2 or less , or about 0 . 15 or 
less , or about 0 . 1 or less , or about 0 . 05 or less or any and all 
values and ranges therebetween . After the precipitation of 
the titanium suboxides , the article in the glass - ceramic state , 
with the titanium suboxides , may have an optical density per 
mm ( i . e . , a second near - infrared absorbance ) of about 6 . 0 or 
less , or about 5 . 5 or less , or about 5 . 0 or less , or about 4 . 5 
or less , or about 4 . 0 or less , or about 3 . 5 or less , or about 3 . 0 
or less , or about 2 . 5 or less , or about 2 . 0 or less , or about 2 . 0 
or less , or about 1 . 5 or less , or about 1 . 0 or less , or about 0 . 5 
or less or any and all values and ranges therebetween . As 
such , in some cases a ratio of the second average near 
infrared absorbance to the first average near - infrared absor 
bance may be about 1 . 5 or greater , or about 2 . 0 or greater , 
or about 2 . 5 or greater , or about 3 . 0 or greater , or about 5 . 0 
or greater , or about 10 . 0 or greater . In such examples , the 
average optical density per mm at visible wavelengths of the 
article in the glass - ceramic state with the titanium suboxides 
may be 1 . 69 or less . 
[ 0072 ] According to various examples , the article may 
exhibit a low haze . For example , the article may exhibit a 
haze of about 20 % or less , or about 15 % or less , or about 
12 % or less , or about 11 % or less , or about 10 . 5 % or less , 
or about 10 % or less , or about 9 . 5 % or less , or about 9 % or 
less , or about 8 . 5 % or less , or about 8 % or less , or about 
7 . 5 % or less , or about 7 % or less , or about 6 . 5 % or less , or 
about 6 % or less , or about 5 . 5 % or less , or about 5 % or less , 
or about 4 . 5 % or less , or about 4 % or less , or about 3 . 5 % or 
less , or about 3 % or less , or about 2 . 5 % or less , or about 2 % 
or less , or about 1 . 5 % or less , or about 1 % or less , or about 
0 . 5 % or less , or about 0 . 4 % or less , or about 0 . 3 % or less , 
or about 0 . 2 % or less , or about 0 . 1 % or less or any and all 
values and ranges therebetween . The haze of the article is 
measured on a 1 mm thick sample and in accordance with 
the procedure outlined above in connection with haze mea 
surement . According to various examples , the haze of the 
article may be lower than conventional glass - ceramics due 
to the absence of beta - quartz ( i . e . Virgilite ) which is often 
present in certain glass - ceramics , but which tends to increase 
haze . In other words , the glass - ceramic article may be free 
of a beta - quartz crystalline phase . Further , the haze of the 
article may be due to the low quantity or absence of large 
crystallites ( e . g . , about < 100 nm , or about < 60 nm , or about 
< 40 nm ) which tend to scatter light . 
[ 0073 ] Use of articles which include titanium suboxides , 
crystals having the general formula MyTio , or nonstoichio 
metric titanium bronzes may provide a number of advan 
tages . 
[ 0074 ] First , thermal processing times to produce titanium 
suboxides may be shorter than production of other glass 
ceramics . Further , thermal processing temperatures may be 
below the softening points of the article . Such features may 
be advantageous in decreasing manufacturing complexity 
and cost . 
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TABLE 2 . 1 - continued 
SiO2 A1 , 03 Cs20 Woz SnO2 B , 03 Li20 Sample Sb2O3 

3 8 . 1 
9 . 6 
6 . 6 

6 . 6 
6 . 6 
6 . 6 

3 
0 . 1 
. 1 

0 . 1 
0 . 1 

0 
0 0 

20 
20 
20 
20 

6 . 6 

ttttt 0 . 1 
0 . 1 
0 . 1 

20 
20 
20 
20 0 . 1 

Sample 13 62 . 2 
Sample 14 60 . 7 
Sample 15 60 . 1 
Sample 16 63 . 9 
Sample 17 63 . 9 
Sample 18 62 . 9 
Sample 1961 . 9 
Sample 20 62 . 9 
Sample 21 66 . 4 
Sample 22 66 . 9 
Sample 23 60 . 9 
Sample 24 65 . 9 
Sample 25 69 . 9 
Sample 26 67 . 9 
Sample 27 65 . 9 
Sample 28 66 
Sample 29 65 . 9 

now wooooooo 1 . 5 0 . 1 

[ 0075 ] Second , color packages ( e . g . , TiO2 + ZnS ) can be 
introduced to a wide range of melt compositions , including 
those with ion exchange capabilities . Additionally , because 
a relatively low concentration of the color package is 
needed , the addition of such color packages may have less 
effect on chemical durability and other relevant properties of 
the article . 
10076 ] Third , use of titanium suboxide containing glass 
ceramics may provide a fusion formable and chemically 
strengthenable material for ultraviolet and / or infrared block 
ing materials that may not have melting difficulties due to 
radiation trapping . For example , articles including the tita 
nium suboxides , when molted or in the as - cast state ( i . e . , 
green state before thermal treatment ) , are highly transparent 
at visible and NIR wavelengths , unlike Fe2 + - doped glasses , 
which strongly absorb in the near infrared even when 
molten . 
[ 0077 ) Non - limiting approximate composition ranges of 
glass - ceramics according to the principles of the disclosure 
( i . e . , composition 1 , 2 and 3 ) ranges are listed below in Table 
2 ( reported in mol % ) . It will be understood that the chemical 
formula R , 0 represents an alkali metal oxide ( e . g . , Li , O , 
Na2O , K20 , Cs20 and / or combinations thereof ) as explained 
above . 

20 binmmmtOOOOOOOOO A 0 . 1 
0 . 1 20 
0 . 1 
0 . 1 
0 . 1 

6 0 
15 
10 
10 
10 

10 
10 
9 

9 

N 

20 w 

2020 3 0 . 1 

[ 0080 ] Referring now to FIG . 1B , the substrate 14 incor 
porating the glass - ceramic as described above may be pro 
cessed such that a plurality of tungsten - containing structures 
are precipitated within the substrate 14 . Such tungsten 
containing precipitates may be referred to herein as tungsten 

TABLE 2 

SiO2 Al2O3 
50 to 80 0 . 3 to 15 

B203 R20 
5 to 40 0 to 15 

WO3 
2 to 15 

SnO2 R2O – Al2O3 
0 to 0 . 5 - 12 to 0 . 5 Composition 

Range 1 
Composition 
Range 2 
Composition 
Range 3 

55 to 75 5 to 12 10 to 25 3 to 12 4 to 10 0 to 0 . 2 - 6 to 0 . 25 

60 to 70 5 to 10 15 to 25 7 to 10 5 to 7 0 to 0 . 1 - 3 to O 

[ 0078 ] According to a specific example within Comp . 
Range 3 , the glass - ceramic composition may include SiO2 at 
about 60 . 1 mol % , Al2O3 at about 6 . 6 mol % , Cs20 at about 
6 . 6 mol % , WO3 at about 6 . 6 mol % , SnO2 at about 0 . 1 mol 
% and B202 at about 20 mol % . In yet another specific 
example , the glass - ceramic composition may include SiO2 at 
about 66 mol % , A1 , 0 , at about 9 mol % , Li , at about 3 
mol % , WO3 at about 2 mol % , SnO , at about O mol % and 
B203 at about 20 mol % . 
[ 0079 ] Non - limiting exemplary sample compositions of 
glass - ceramics according to the principles of the disclosure 
are listed below in Table 2 . 1 . The constituents of the 
compositions are provided in mol % . 

TABLE 2 . 1 

oxides , tungsten phases , tungsten - containing precipitates 
and / or tungsten precipitates . According to at least one 
example , the substrate 14 may be heat - treated , or otherwise 
thermally processed , to promote the formation of crystalline 
tungsten oxide and or tungsten - containing precipitates 
throughout the substrate 14 . Without being bound by theory , 
it is believed that during processing ( e . g . , heat treating ) of 
the glass - ceramic composition , tungsten cations agglomer 
ate to form crystalline precipitates thereby forming the 
glass - ceramic . The crystalline precipitates internally nucle 
ate ( i . e . , not just at a surface ) within the glass - ceramic in a 
homogenous manner where the substrate 14 is heat - treated . 
According to various examples , the precipitates may have a 
generally crystalline structure . As such , the precipitates may 
be referred to as crystalline precipitates comprising tung 
sten . 
[ 0081 ] The presence of the precipitates within the glass 
ceramic may be determined through a multistep technique . 
First , a sample of the glass - ceramic composition may be 
analyzed using X - ray diffraction to detect the presence of the 
crystalline precipitates . If x - ray diffraction fails to detect the 
crystalline precipitates ( e . g . , due to size , quantity and / or 
chemistry of the precipitates ) , a second step of analyzing a 
sample of the glass - ceramic utilizing Ramen spectroscopy 
may be performed . Ramen spectroscopy represents a reli 
able manner in determining the presence of a crystalline 
phase as it may analyze a larger sample size than X - ray 
diffraction . Optionally , transmission electron microscopy 

Sample SiO2 A1 , 03 Cs20 WO3 SnO2 B203 Li20 Sb2O3 
1 20 

Sa 
0 . 3 
0 . 66 
1 . 32 
1 . 32 

0 . 66 
0 . 66 
0 . 66 
1 . 32 
3 . 3 

1 

0 . 1 
0 . 1 20 
0 . 1 
0 . 1 2000 
0 . 1 20 

20 

Sal 3 . 3 
6 . 6 6 . 6 

Sample 1 77 . 94 
77 . 58 

Sample 3 76 . 92 
Sample 4 76 . 26 

72 . 3 
Sample 6 65 . 7 
Sample 7 64 . 7 
Sample 8 63 . 7 
Sample 8 65 . 7 
Sample 9 65 . 7 
Sample 10 63 . 7 
Sample 11 64 . 2 
Sample 12 62 . 7 

6 . 6 20 
6 . 6 20 
9 . 6 

6 . 6 
6 . 6 
7 . 6 
8 . 6 
8 . 6 

20 
20 
20 

4 . 6 
4 . 6 
8 . 1 
9 . 6 

0 . 1 
0 . 1 
0 . 1 
0 . 1 

6 . 6 20 
6 . 6 20 
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may also be used to visually confirm the presence of 
crystalline phases within the glass - ceramic . 
[ 0082 ] The crystalline precipitates comprising tungsten 
may have a diameter , or longest length dimension , of 
between about 1 nm and about 100 nm , or between about 3 
nm and about 30 nm , or between about 6 nm and about 20 
nm . The size of the precipitates may be measured using a 
scanning electron microscope or transmission electron 
microscope . In one example , the longest length dimension of 
the precipitates may be determined by visually measuring 
the longest length dimension . In examples where the longest 
length dimension of the precipitates is below a visually 
confirmable size , the dimensions of the precipitates may be 
determined by inferring the presence of the precipitate phase 
( e . g . , by X - ray diffraction and / or Ramen spectroscopy ) and 
by the failure to resolve any precipitates through electron 
microscopy ( e . g . , indicating that the longest dimension of 
the precipitates is below the resolution level of the scanning 
electron microscope which is about 10 nm , and preferably 
about 1 nm ) . The relatively small diameter or size of the 
precipitates may be advantageous in reducing the amount of 
light scattered by the precipitates leading to high optical 
clarity of the substrate 14 when manufactured using the 
glass - ceramic outlined above . It will be understood that the 
tungsten precipitates may have a diameter which is substan 
tially uniform , or may have a variety of sizes . The tungsten 
present in the precipitates may be reduced , or partially 
reduced . For example , the tungsten within the precipitates 
may have an oxidation state of between 0 and about + 6 . 
According to various examples , the tungsten may have a + 6 
oxidation state . According to some embodiments glass 
ceramic lacks tungsten having an oxidation states less than 
+ 6 . According to some embodiments glass ceramic has a 
crystalline phase that lacks tungsten having an oxidation 
states less than + 6 . For example , the precipitates may have 
the general chemical structure of WO3 . The precipitates may 
be known as non - stoichiometric tungsten suboxides and / or 
" tungsten bronzes . ” One or more of the above - noted alkali 
metals and / or dopants may be present within the precipi 
tates . Portions of the substrate 14 where the precipitates are 
present may lead to changes in the absorbance , reflectance 
and / or transmission of light , as well as the refractive index 
as compared to portions of the substrate 14 where different 
precipitates ( e . g . , size and / or quantity ) and / or no precipitates 
are present . 
[ 0083 ] Various portions of the article 10 may be heat 
treated . For example , a portion , a majority , substantially all 
and / or an entirety of the article 10 and / or substrate 14 may 
be heat - treated . The article 10 and / or substrate 14 may 
define multiple portions . For example , a first portion 14A 
and a second portion 14B may be present within the sub 
strate 14 . It will be understood that the article 10 and / or 
substrate 14 may include three or more portions without 
departing from the teachings provided herein . One or both of 
the first and second portions 14A , 14B may be as - cast , 
annealed and / or heat - treated . In various examples , the first 
and second portions are both heat - treated , but for a different 
time and / or temperature . In yet other examples , one of the 
first and second portions 14A , 14B is as - cast and the other 
portion is heat - treated . 
10084 ] According to various examples , the glass - ceramics 
of the disclosure are optically transparent in the visible 
region of the spectrum ( i . e . , from about 400 nm to about 700 
nm ) both where the precipitates are present and where the 

precipitates are not present . As used herein , the term “ opti 
cally transparent ” refers to a transmittance of greater than 
about 1 % over a 1 mm path length ( e . g . , in units of % / mm ) 
over at least one 50 nm - wide wavelength band of light in a 
range from about 400 nm to about 700 nm . In some 
examples , the glass - ceramic has a transmittance of at least 
greater than about 5 % / mm , greater than about 10 % / mm , 
greater than about 15 % / mm , greater than about 20 % / mm , 
greater than about 25 % / mm , greater than about 30 % / mm , 
greater than about 40 % / mm , greater than about 50 % / mm , 
greater than about 60 % / mm , greater than about 70 % / mm , 
and greater than all lower limits between these values , all 
over at least one 50 nm - wide wavelength band of light in the 
visible region of the spectrum . It will be understood that the 
optical transmittance values may be obtained in both heat 
treated and non - heat - treated portions ( e . g . , portions 14A and 
14B ) of the article 10 and / or substrate 14 . 
10085 ) According to various examples , the glass - ceramics 
of the disclosure absorb light in the ultraviolet ( “ UV ” ) 
region ( i . e . , wavelengths of less than about 370 nm ) based 
on the presence of the precipitates without the use of 
additional coatings or films . In some implementations , the 
glass - ceramic is characterized by a transmittance of less than 
10 % / mm , less than 9 % / mm , less than 8 % / mm , less than 
7 % / mm , less than 6 % / mm , less than 5 % / mm , less than 
4 % / mm , less than 3 % / mm , less than 2 % / mm , and even less 
than 1 % / mm , for light in at least one 50 nm - wide wave 
length band of light in the UV region of the spectrum ( e . g . , 
about 200 nm to about 400 nm ) . In some examples , the 
glass - ceramic absorbs or has an absorption of at least 
90 % / mm , at least 91 % / mm , at least 92 % / mm , at least 
93 % / mm , at least 94 % / mm , at least 95 % / mm , at least 
96 % / mm , at least 97 % / mm , at least 98 % / mm , or even at 
least 99 % / mm for light in at least one 50 nm - wide wave 
length band of light in the UV region of the spectrum . The 
glass - ceramic may have a sharp UV cutoff wavelength from 
about 320 nm to about 420 nm . For example , the glass 
ceramic may have a sharp UV cutoff at about 320 nm , about 
330 nm , about 340 nm , about 350 nm , about 360 nm , about 
370 nm , about 380 nm , about 390 nm , about 400 nm , about 
410 nm , about 420 nm , about 430 nm or any value therebe 
tween . It will be understood that the UV transmittance and 
UV cutoff values may be obtained in both heat - treated and 
non - heat - treated portions ( e . g . , 14A and 14B ) of the article 
10 and / or substrate 14 . 
[ 0086 ] In some examples , the glass - ceramic has a trans 
mittance of at least greater than about 5 % / mm , greater than 
about 10 % / mm , greater than about 15 % / mm , greater than 
about 20 % / mm , greater than about 25 % / mm , greater than 
about 30 % / mm , greater than about 40 % / mm , greater than 
about 50 % / mm , greater than about 60 % / mm , greater than 
about 70 % / mm , greater than about 80 % / mm , greater than 
about 90 % / mm and greater than all lower limits between 
these values , all over at least one 50 nm - wide wavelength 
band of light in the near infrared region ( NIR ) of the 
spectrum ( e . g . , from about 700 nm to about 2700 nm ) . As 
such , the glass - ceramic may exhibit an optical transmittance 
of about 50 % or greater , 55 % or greater , 60 % or greater , 
65 % or greater , 70 % or greater , 75 % or greater , 80 % or 
greater , 85 % or greater , 90 % or greater from about 700 nm 
to about 2700 nm and a sharp ultraviolet cutoff wavelength 
from about 320 nm to about 420 nm . It will be understood 
that the near - infrared transmittance values may be obtained 
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in both heat - treated and non - heat - treated portions of the 
article 10 and / or substrate 14 . 
[ 0087 ] According to various examples , the glass - ceramic 
composition may have the following transmittance specifi 
cations : < 5 % transmittance at 351 nm and shorter wave 
lengths ; > 50 % transmittance at 374 nm ; and > 99 % trans 
mittance at 1053 nm . 
[ 0088 ] In some implementations , the glass - ceramic is 
characterized by a transmittance of less than 10 % / mm , less 
than 9 % / mm , less than 8 % / mm , less than 7 % / mm , less than 
6 % / mm , less than 5 % / mm , less than 4 % / mm , less than 
3 % / mm , less than 2 % / mm , and even less than 1 % / mm , for 
light in at least one 50 nm - wide wavelength band of light in 
the infrared region ( IR ) of the spectrum ( e . g . , 700 nm to 
about 2500 nm ) . In other examples , the glass - ceramic 
absorbs or has an absorption of at least 90 % / mm , at least 
91 % / mm , at least 92 % / mm , at least 93 % / mm , at least 
94 % / mm , at least 95 % / mm , at least 96 % / mm , at least 
97 % / mm , at least 98 % / mm , or even at least 99 % / mm for 
light in at least one 50 nm - wide wavelength band of light in 
the infrared region of the spectrum . 
[ 0089 ] Without being bound by theory , the glass - ceramic 
composition is believed to exhibit an ultraviolet ( “ UV ” ) 
cutoff and a change in its refractive index as a result of its 
crystalline precipitates . More specifically , the crystalline 
tungsten oxide and / or tungsten - containing crystals are 
believed to result in the refractive index and / or UV cutoff for 
the substrate 14 where the precipitates are present . The 
glass - ceramic , without precipitates ( e . g . , non - heat treated ) 
may have a refractive index of about between about 1 . 505 
and about 1 . 508 while portions of the article 10 with 
precipitates may have a refractive index of from about 1 . 520 
to about 1 . 522 . For example , Table 3 illustrates the approxi 
mate refractive index of WO3 as compared to wavelength . 

tates may absorb longer wavelengths of ultraviolet light 
leading to an increased UV cutoff wavelength . 
[ 0091 ] Referring now to FIG . 2 , an exemplary method 50 
of producing the article 10 and / or substrate 14 is depicted . 
The method 50 may begin with a step 54 of forming a molten 
glass . The molten glass may have the composition of the 
above - noted glass - ceramic . For example , the glass - ceramic 
composition may include SiO2 from about 50 mol % to 
about 80 mol % , A1 , 0 , from about 0 . 3 mol % to about 15 
mol % , B203 from about 5 mol % to about 40 mol % , WO3 
from about 2 mol % to about 15 mol % . According to various 
examples , step 54 of forming the molten glass having the 
glass - ceramic may begin with mixing the constituents of the 
glass - ceramic composition together . For example , appropri 
ate ratios of the constituents may be mixed and blended by 
turbulent mixing and / or ball milling . The batched material is 
then melted at temperatures ranging from about 1500° C . to 
about 1700° C . for a predetermined time to form the molten 
glass . In some implementations , the predetermined time 
ranges from about 6 hours to about 12 hours . 
[ 0092 ] Next , a step 58 of cooling the molten glass to form 
the article 10 and / or substrate 14 may be performed accord 
ing to the method 50 . Cooling the molten glass may be 
performed via any process known in the art . According to 
various examples , steps 54 and 58 may be known as a 
melt - quench process . The glass - ceramic article 10 formed 
by the melting and casting of the glass - ceramic composition 
may have an ultraviolet light cutoff at a first wavelength and 
a first refractive index at a reference wavelength . As 
explained above , the formation of the precipitates ( e . g . , 
through a heat treating step explained in greater detail 
below ) may result in a change of the UV cutoff wavelength 
as well as a change in the refractive index of the article 10 . 
For example , the UV cutoff of the as - cast glass - ceramic 
article 10 may be at a first wavelength of about 355 nm . The 
refractive index of the glass - ceramic structure may have a 
first refractive index of from about 1 . 490 to about 1 . 534 over 
a wavelength of from about 400 nm to about 1550 nm with 
a refractive index of about 1 . 507 at a reference wavelength 
of 589 nm . As will be explained in greater detail below , the 
precipitation of the crystalline precipitates results in a 
change in the UV cutoff wavelength as well as the refractive 
index of the heat - treated portion of the article 10 or substrate 
14 containing the precipitates . 
[ 0093 ] Next , a step 62 of heat - treating a portion of the 
glass - ceramic article 10 for at a predetermined temperature 
for a predetermined time to form a plurality of precipitates 
within the heat treated portion of the glass - ceramic structure 
can be performed according to the method 50 . As explained 
above , the crystalline precipitates may have the general 
chemical formula of Woz . The heat treating of the glass 
ceramic structure may be performed via a furnace , a laser , 
( e . g . , infrared , ultraviolet , visible ) and / or other methods 
known in the art of heating the glass - ceramic article 10 . For 
example , the laser may be a femtosecond laser used to create 
highly localized ( e . g . , an area of from about 100 nm to about 
1 um ) heat . In other words , the heat - treated portions of the 
article 10 and / or substrate 14 may have a length , width , 
depth or largest diameter of from about 100 nm to about 1 
um . The laser may be rastered such that the heat treating may 
be performed in a pattern . Non - limiting examples of the 
laser raster pattern include : alphanumeric text , symbols , 
indicia , and pictures . Heat treating of the glass - ceramic 
article 10 may take place over a portion , a majority , sub 

TABLE 3 

Wavelength ( nm ) Refractive Index 
450 
500 
600 
700 
800 
1000 
1100 

2 . 6 
2 . 35 
2 . 18 
2 . 1 
2 . 1 
2 . 08 
2 . 07 

0090 ] As the tungsten oxide and or tungsten - containing 
crystalline precipitates have a higher refractive index than 
the host substrate 14 , portions or areas of the substrate 14 in 
which the precipitates are present may have a higher refrac 
tive index than the portions or areas of the substrate 14 
where no precipitates are present . In other words , portions of 
the substrate 14 which have the precipitates may have a 
refractive index which is a combination of the refractive 
indices of the glass - ceramic and the precipitates ( e . g . , higher 
than the glass - ceramic ) . Further , as the size and quantity of 
the precipitates grow ( e . g . , due to higher heat treatment 
temperatures and / or longer heat treatments ) , the total vol 
ume of the precipitates within the substrate 14 increases and 
results in a corresponding increase in the refractive index . 
Similar to its effect on the refractive index , larger and more 
numerous precipitates ( e . g . , due to a higher temperature heat 
treatment and / or longer heat treatment ) lead to an increase in 
the UV cutoff wavelength of the substrate 14 . For example , 
as the precipitates increase in size and number , the precipi 
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stantially all or the entire glass - ceramic article 10 . As such , 
the precipitates formed from the heat - treating may be posi 
tioned in a portion , substantially all or all of the glass 
ceramic article 10 . Accordingly , as the precipitates alter the 
ultraviolet cutoff and refractive index of the glass - ceramic 
article 10 , different portions of the glass - ceramic article 10 
may exhibit , or be characterized , as having different ultra 
violet cutoffs and refractive indices . The heat - treating may 
be carried out for a time between about 0 . 1 hours and about 
4 hours , or from about 0 . 5 hours to about 3 hours , or from 
about 0 . 5 hours to about 2 hours . For example , the glass 
ceramic article 10 may be heat - treated for about 0 . 5 hours , 
1 . 0 hours , 1 . 5 hours , 2 . 0 hours , 2 . 5 hours , 3 . 0 hours and all 
values therebetween . The heat - treating step 62 is conducted 
at or slightly above the annealing point of the glass - ceramic 
composition , and below its softening point , to develop one 
or more crystalline tungstate phases or precipitates . The heat 
treating may be carried out at a temperature of between 
about 400° C . and about 800° C . , or about 500° C . to about 
750° C . , or about 550° C . to about 700° C . , or about 600° C . 
to about 650° C . For example , the heat - treating may be 
carried out at temperatures of about 400° C . , 450° C . , 500° 
C . , 550° C . , 600° C . , 650° C . , 700° C . , 750° C . , 800° C . , and 
all values therebetween . The temperature of the heat - treating 
may be sufficiently low enough that the glass - ceramic com 
position may have a relatively high viscosity of from about 
1012 Poise to about 108 Poise , or from about 10 " Poise to 
about 10 Poise . As will be explained in greater detail below , 
the high viscosity of the glass - ceramic during the heat 
treatment may reduce marring or aberrations from generated 
by the heating of the glass - ceramic because the heat - treating 
is performed at a temperature below the softening point of 
the glass - ceramic . 
[ 0094 ] As explained above , the heat treated portion of the 
glass - ceramic article 10 exhibits at least one of an ultraviolet 
light cutoff at a second wavelength and a second refractive 
index at the reference wavelength based on the presence of 
the WO3 precipitates . For example , the UV cutoff of the heat 
treated portion of the article 10 may be at a second wave 
length of about 320 nm to about 420 nm . As such , the second 
UV cutoff wavelength may be longer than the first UV cutoff 
wavelength . The refractive index of the glass - ceramic struc 
ture may have a first refractive index of from about 1 . 496 to 
about 1 . 543 over a wavelength of from about 400 nm to 
about 1550 nm with a refractive index of about 1 . 52 at a 
reference wavelength of 589 nm . The second refractive 
index at the reference wavelength may be greater than the 
first refractive index at the reference wavelength . For 
example , a refractive index delta between the first and 
second refractive indexes may be about 1 . 5x10 - > or greater 
or 1 . 5x10 - 2 or greater . Further , the refractive index delta 
between the first and second refractive indexes may be about 
1x10 - - or greater from wavelengths ranging from about 400 
nm to about 800 nm , or about 1 . 2x10 - 2 or greater from 
wavelengths ranging from about 415 nm to about 680 nm . 
[ 0095 ] Use of the present disclosure may offer a variety of 
advantages . First , as the precipitates have a relatively small 
size , the precipitates may not scatter light , or may scatter 
light only slightly , or may scatter light in insignificant 
amounts . Such a feature may be advantageous in allowing 
the clear transmission of a variety of wavelengths of light 
through the substrate 14 . 
[ 0096 ] Second , as the precipitates are formed in a post 
casting heat - treating process , the refractive index and UV 

cutoff may be locally changeable . This tunability is unique 
relative to virtually all known UV absorbing glasses and 
glass - ceramics , which require alterations to the composition 
or melting conditions to vary the optical absorbance . For 
example , as a refractive index delta of 1 . 5x10 - 2 or greater 
may be achieved , the portion of the substrate 14 containing 
the precipitates may channel light such that the article 10 
and / or substrate 14 may be a Bragg filter , a waveguide , 
gratings - based technologies ( e . g . , augmented reality ) , and 
component thereof . Further , as the glass - ceramic composi 
tion allows for the elimination of traditional waveguides 
which allows greater dimensional stability , elimination of 
aberrations caused by the glass - polymer CTE mismatch 
( e . g . , in convention polymer - glass solutions ) may be 
achieved . As the refractive index delta which may be pro 
duced is an order of magnitude greater than known inorganic 
photorefractive methods , more efficient waveguides and 
optical components may be produced . 
[ 0097 ] Third , as the size and quantity of the precipitates 
may be controlled through a post - casting heat - treatment , a 
single molten glass heat may be cast in a variety of glass 
ceramic structures , each of which may be heat - treated dif 
ferently to produce a different optical profile ( e . g . , different 
refractive index , UV cutoff , near - infrared transmission and / 
or pattern thereof ) . Such a feature may be advantageous in 
allowing a variety of parts , each with a different optical 
profile , to be cast from a single composition of the glass 
ceramic . 
[ 0098 ] Fourth , as the glass - ceramic composition may have 
a relatively low coefficient of thermal expansion , the glass 
ceramic article 10 and substrates 14 formed from the glass 
ceramic material may be used in a variety of temperature 
sensitive applications . Further , articles 10 formed of the 
glass - ceramic composition can withstand large and rapid 
fluctuations in temperature , making them suitable for oper 
ating in harsh environments . 

[ 0099 ] Fifth , as the heat - treating temperatures used to 
produce the precipitates are below the softening point of the 
glass - ceramic , articles 10 manufactured from the glass 
ceramic may be heat - treated to form the precipitates pre - or 
post - other manufacturing processes to shape the article 10 . 
Further , defects associated with softening of the glass 
ceramic material during conventional heat - treating and 
annealing steps may be avoided while generating the pre 
cipitates . 

Examples 

( 0100 ] The following examples represent certain non 
limiting examples of the glass - ceramic materials and articles 
of the disclosure , including the methods of making them . 
[ 0101 ] Referring now to FIGS . 3A and 3B , depicted are 
transmittance spectra of six examples ( “ Examples 1 - 6 " ) of 
glass - ceramics structures ( e . g . , the article 10 and / or sub 
strate 14 ) employing a tungsten - containing glass - ceramic 
composition ( e . g . , the glass - ceramic composition ) having 
undergone different post casting procedures ( e . g . , the heat 
treating step 62 ) . The samples were 1 mm thick polished 
flats having a composition ( e . g . , sample 15 of Table 2 . 1 ) 
provided by Table 4 : 
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TABLE 4 
Oxides mol % 
SiO2 
Al2O3 
Cs , 
WO3 

60 . 1 
6 . 6 
6 . 6 
6 . 6 
0 . 1 SnO2 

B203 20 

[ 0102 ] The samples were prepared by weighing the batch 
constituents , mixing them by a shaker mixer or ball mill for 
15 - 60 minutes and melting for 6 - 12 hours at temperatures 
between about 1550° C . to about 1650° C . in Pt crucibles . 
Examples 1 - 6 were annealed at a temperature of between 
about 520° C . to about 570° C . Quenched specimens were 
made by pressing a about 100 g sample of glass - ceramic 
between two steel plates to approximately 10 mm thickness . 
To develop their unique optical extinction ( e . g . , the UV 
cutoff ) , the examples were heat treated for various times at 
various temperatures . Example 1 is a sample of as - cast 
tungsten containing glass - ceramic . Example 2 is a sample of 
cast then annealed tungsten containing glass - ceramic . 
Example 3 is a tungsten - containing glass - ceramic that was 
annealed and then heat treated at about 550° C . for about 136 
minutes . Example 4 is a tungsten - containing glass - ceramic 
that was annealed and then heat treated at about 600° C . for 
about 98 minutes . Example 5 is a tungsten - containing glass 
ceramic that was annealed and then heat treated at about 
650° C . for about 130 minutes . Example 6 is a tungsten 
containing glass - ceramic that was annealed and then heat 
treated at about 700° C . for about 30 minutes . Table 5 
provides the percent transmittance data for polished flats of 
Example 4 at thicknesses of 0 . 9 mm , 0 . 8 mm , and 0 . 7 mm 
at 351 nm , 374 nm , and 1053 nm . Note the transmittance 
values reported in Table 5 are reported as total transmittance 
( i . e . , reflectance has not been factored out ) . In turn , with 
reflectance accounted for and an anti - reflective coating 
added , it is believed that the tungsten - containing glass 
ceramic can achieve > 99 % transmission at 1053 nm . 

It will be understood that the sharp increase or “ spike ' 
absorbance at about 800 nm in an artifact of detector change 
and does not actually represent a change in absorbance . 
[ 0104 ] Referring now to FIGS . 4A - 4C , depicted are 
images of as made Example 1 ( FIG . 4A ) , Example 2 ( FIG . 
4B ) and Example 4 ( FIG . 4C ) demonstrating the optical 
clarity and minimal color obtained by the tungsten - contain 
ing glass - ceramic after varying post - processing techniques . 
[ 0105 ] Referring now to FIG . 5 , depicted is a plot of 
refractive index vs . wavelength between Example 1 ( e . g . , as 
cast tungsten containing glass - ceramic ) and Example 5 ( e . g . , 
tungsten - containing glass - ceramic annealed and then heat 
treated at about 650° C . for about 130 minutes ) . As can be 
seen , the crystalline tungsten oxide and / or tungsten - contain 
ing precipitates generated in the heat treating process have 
increased the refractive index of Example 5 relative to 
Example 1 for all depicted wavelengths demonstrating that 
the presence of the tungsten - containing precipitates pushes 
the refractive index of the tungsten - containing glass - ceramic 
toward the refractive index of WO3 as provided in Table 3 . 
[ 0106 ] Referring now to FIG . 6 , depicted is a plot of the 
difference , or change , in refractive index between Example 
1 and Example 5 . As can be seen from the plot , the difference 
in refractive index is greater than about 1 . 5x10 - 3 for all 
wavelengths and peaks at about 1 . 5x10 - 2 at around 475 nm . 
As explained above , the large difference in refractive index 
which may be obtained through different heat treatments 
may allow for higher efficiency waveguides , holographic 
optical elements , volume gratings , and / or other types of 
passive optical devices that rely on periodic modulation in 
refractive index . 
[ 0107 ] Referring now to FIGS . 7A - 7C , depicted are pow 
der X - ray diffraction ( XRD ) plots for the different examples 
provided above . FIG . 7A depicts the powder XRD of 
Example 1 in the “ green ” X - ray amorphous state prior to heat 
treatment . As can be seen from the plot , Example 1 contains 
no crystalline phases present within the tungsten - containing 
glass - ceramic that XRD can detect . This shows that the 
as - cast tungsten containing glass - ceramic does not generate 
the precipitates until a heat treatment is performed . FIG . 7B 
depicts powder XRD of Example 2 . As can be seen from the 
plot , annealing of the tungsten - containing glass - ceramic 
begins to form crystalline precipitates . FIG . 7C depicts 
powder XRD of Example 6 . As can be seen from the plot , 
the heat - treatment has produced crystalline tungsten oxide 
precipitates within the glass - ceramic , thereby confirming the 
structure of the glass - ceramic . The plots of FIGS . 7A - 70 
demonstrate that it is the heat treating of the glass - ceramic 
which produces the tungsten - containing crystalline precipi 
tates which are the species that alters the optical properties 
of the glass - ceramic . 

TABLE 5 
M ( nm ) % T 0 . 9 mm % T 0 . 8 mm % T0 . 7 mm 
1053 
374 
351 

95 . 09 
51 . 08 

1 . 99 

95 . 63 
55 . 04 

3 . 08 

96 . 16 
59 . 30 

4 . 76 

[ 0103 ] As can be seen from the transmittance spectra 
provided in FIGS . 3A and 3B , the different heat treatments 
result in both different visual region transmittance as well as 
different optical extinctions . It is believed that by altering the 
length and / or temperature at which the heat - treatment is 
performed , glass - ceramics with transmittance spectra that 
fall within the region between Examples 3 and 5 may be 
produced , thereby producing materials with UV cutoff 
wavelengths ranging from about 360 nm to about 380 nm . 

Titanium Comprising Examples 
[ 0108 ] Referring now to Tables 6A and 6B , provided are 
a list of exemplary glass ceramic compositions for articles 
including titanium . 

TABLE 6A 

Oxide ( mol % ) 889FLY 889FLZ 889FMA 889FMB 889FMC 889FMD 889FME 889FMF 889FMG 
70 . 92 SiO2 

Al2O3 
57 . 86 
12 . 05 
20 . 08 

60 . 88 
9 . 03 

20 . 07 

63 . 89 
9 . 03 

20 . 07 
9 . 03 

67 . 93 
9 . 03 

10 . 03 

64 . 92 
9 . 03 

10 . 03 

63 . 92 
12 . 04 

7 . 02 

62 . 21 
13 . 40 
4 . 92 

65 . 79 
13 . 78 
4 . 91 B203 10 . 04 
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TABLE 6A - continued 
Oxide ( mol % ) 889FLY 889FLZ 889FMA 889FMB 889FMC 889FMD 889FME 889FMF 889FMG 
Li2O 
Na o 
KO 
MgO 
Cao 
SnO2 
Zns 
P205 
Fe2O3 
Cl 

6 . 02 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

6 . 02 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

3 . 01 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

6 . 02 
0 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

6 . 02 
3 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

6 . 02 
6 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

6 . 02 
7 . 00 
0 . 00 
0 . 00 
0 . 00 
0 . 05 
1 . 68 
0 . 00 
0 . 01 
0 . 00 
2 . 26 
0 . 00 
0 . 00 

0 . 00 
13 . 19 
0 . 00 
2 . 29 
0 . 13 
0 . 08 
1 . 61 
0 . 00 
0 . 01 
0 . 00 
2 . 17 
0 . 00 
0 . 00 

7 . 75 
1 . 94 
0 . 03 
0 . 00 
0 . 01 
0 . 05 
1 . 64 
1 . 90 
0 . 00 
0 . 00 
2 . 21 
0 . 00 
0 . 00 

??? , 
As2O5 
V205 
Total 
R20 - AL2O3 

100 . 00 
- 6 . 02 

100 . 00 
- 3 . 01 

100 . 00 
- 6 . 02 

100 . 00 
- 3 . 01 

100 . 00 
- 0 . 01 

100 . 00 
2 . 99 

100 . 00 
0 . 98 

100 . 00 
- 0 . 21 

100 . 00 
- 4 . 06 

TABLE 6B 

Oxide ( mol % ) 889FRY 889FRZ 889FSA 889FSB 889FSC 889FSD 889FSE 

SiO2 
Al , 02 
B , 02 
Li20 
Na20 
KO Mgo 
Cao 
SnO2 
Zns 

62 . 90 
3 . 21 

19 . 29 
7 . 40 
1 . 85 
0 . 00 
0 . 00 
0 . 01 

63 . 02 
3 . 21 

19 . 33 
7 . 42 
1 . 85 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
1 . 18 
1 . 82 
0 . 00 
0 . 00 
2 . 11 
0 . 00 
0 . 00 

63 . 26 
3 . 23 

19 . 40 
7 . 45 
1 . 86 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
0 . 79 
1 . 83 
0 . 00 
0 . 00 
2 . 12 
0 . 00 
0 . 00 

63 . 46 
3 . 24 

19 . 46 
7 . 47 
1 . 87 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
1 . 18 
1 . 83 
0 . 00 
0 . 00 
1 . 42 
0 . 00 
0 . 00 

63 . 71 
3 . 25 

19 . 54 
7 . 50 
1 . 87 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
0 . 79 
1 . 84 
0 . 00 
0 . 00 
1 . 43 
0 . 00 
0 . 00 

62 . 93 
3 . 21 

19 . 29 
7 . 41 
1 . 85 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
1 . 57 
1 . 82 
0 . 00 
0 . 00 
1 . 88 
0 . 00 
0 . 00 

62 . 94 
3 . 21 

19 . 28 
7 . 40 
1 . 85 
0 . 00 
0 . 00 
0 . 01 
0 . 05 
1 . 56 
1 . 82 
0 . 00 
0 . 00 
1 . 88 
0 . 00 
0 . 00 

0 . 05 

P205 
Fe2O3 
C1 

1 . 57 
1 . 82 
0 . 00 
0 . 00 
1 . 88 
0 . 00 
0 . 03 

TiO2 
As203 
V205 
Total 
R20 - AL2O3 

100 . 00 
6 . 06 

100 . 00 
6 . 08 

100 . 00 
6 . 10 

100 . 00 
6 . 13 

100 . 00 
6 . 05 

100 . 00 
6 . 05 

100 . 00 
6 . 05 

TABLE 6C - continued [ 0109 ] Referring now to Table 6C and FIGS . 8A - 13B , 
provided is optical data for a sampling of compositions from 
Tables 6A and 6B . 

TABLE 6C 

Average 
UV Trans - 
mittance 

( % ) 
( 200 - 400 

nm ) 

Average 
VIS Trans - 
mittance 

( % ) 
( 400 - 750 

nm ) 

Average 
NIR Trans 
mittance 

( % ) 
( 750 - 1500 

nm ) 
Heat Glass 

Code Treat 

12 . 2 53 . 1 42 . 7 
85 . 9 67 . 5 

Average 
UV Trans 
mittance 

( % ) 
( 200 - 400 
nm ) 

Average 
VIS Trans - 
mittance 

( % ) 
( 400 - 750 

nm ) 

Average 
NIR Trans 
mittance 

( % ) 
( 750 - 1500 

nm ) 

889FME 
889FMG 
889FMG 
889FMG 

700° C . - 1 hour 
As - made 
700° C . - 1 hour 
700° C . - 2 hours 

20 
6 . 7 15 . 4 12 

Heat 2 . 2 7 . 7 Glass 
Code Treat 

889FLZ 
889FLZ 
889FMB 
889FMB 

22 . 7 
23 . 7 
22 . 8 

88 . 6 
87 
87 . 3 

17 66 . 3 
19 . 3 
66 . 7 

889FMC 
889FMC 
889FMC 
889FMD 
889FMD 

As - made 
600° C . - 1 hour 
As - made 
700° C . - 1 hour 
As - made 
500° C . - 1 hour 
600° C . - 1 hour 
As - made 
500° C . - 1 hour 
600° C . - 1 hour 
As - made 
600° C . - 1 hour 

73 . 8 
76 . 2 
71 . 2 
54 . 9 
61 . 2 
84 
11 . 3 
64 . 2 
33 

4 . 1 

80 . 5 
59 . 9 

7 . 3 

[ 0110 ] The various compositions of Table 6C and FIGS . 
8A - 13B were prepared by weighing the batch constituents , 
mixing the batch constituents by shaker - mixer or ball mill 
and melting for 4 - 32 hours at temperatures between 1300° 
1650° C . in fused silica crucibles . Glasses were cast onto a 
metal table to produce a 0 . 5 mm thick patty of glass . Some 
melts were cast onto a steel table and then rolled into sheet 
using a steel roller . To develop and control optical transmis 
sion and absorbance , the samples were heat treated for times 
ranging from 5 - 500 minutes at temperatures ranging from 
425 - 850° C . in ambient air electric ovens . The sample 
patties were then polished to a thickness of 0 . 5 mm and 
tested . 

83 . 2 
91 . 8 

6 . 7 
83 . 9 
73 . 5 

0 . 8 
88 . 9 

20 . 8 
2 . 1 
0 . 4 889FMD 

26 . 1 889FME 
889FME 14 64 
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TABLE 7A - continued 
Oxides 
( mol % ) 196 KGA 

B203 
Lino 
Na20 
KO 
Mgo 

9 . 3209 
3 . 8038 
4 . 3623 
1 . 5693 
0 . 0148 
0 . 0951 
3 . 8045 
0 . 9511 
0 . 0027 

SnO2 
WO3 
M003 
Fe2O3 
Total 100 . 0000 

[ 0111 ] As evident from the data of Table 6C and FIGS . 
8A - 13B , the as - made state of the titanium containing glass 
are highly transparent in the NIR regime , and largely trans 
parent at visible wavelengths . Upon thermal treatment at 
temperatures ranging from about 500° C . to about 700° C . , 
the crystalline phase ( i . e . , titanium suboxides ) is precipitated 
and the optical transmittance of these samples decreases and 
some become strongly absorbing in the NIR . 
[ 0112 ] Powder X - ray diffraction was performed on each of 
the compositions of Table 6C and indicated that all compo 
sitions were X - ray amorphous in the as - made and un 
annealed state . Heat treated samples showed evidence of 
some titania - bearing crystalline phases including Anatase 
( 889FLY ) and Rutile ( 889FMC and 889FMD ) . The samples 
exhibited low haze ( i . e . , about 10 % or less , or about < 5 % or 
less , or about 1 % or less , or about 0 . 1 % or less ) . Without 
being bound by theory , the low haze that these compositions 
exhibited in the as - made and post - heat treated state is due to 
the fact that the crystallites are quite small ( i . e . , about 100 
nm or less ) and in low abundance ( i . e . , due to the fact that 
TiO , was introduced at only about 2 mol % ) . Accordingly , 
it is believed that the species forming in these materials are 
below the detection limits ( in size and abundance ) for 
conventional powder XRD . This hypothesis was confirmed 
by TEM microscopy . 
[ 0113 ] Referring now to FIGS . 14A - D , provided are TEM 
micrographs at four different magnifications of titania - con 
taining crystals within a sample of glass code composition 
889FMC that was heat treated at 700° C . for one hour . These 

[ 0116 ] Table 7B provides solar performance metrics for a 
variety of glasses . In Table 7B , composition 196KGA is 
incorporated as a clad layer of a double fusion laminate ( i . e . , 
total clad glass - ceramic thickness = 0 . 2 mm ) , where the core 
composition of the laminate was chemically strengthened 
Gorilla® glass from Corning Incorporated® . Composition 
196KGA was 1 mm thick and thermally treated at 550° C . 
for 30 minutes and allowed to cool at 1° C . per minute to 
475° C . The 889FMD sample was 5 mm thick and was 
thermally processed at 600° C . for 1 hour . The 889FMG 
sample was 0 . 5 mm thick and was thermally processed at 
700° C . for 2 hours . The VG10 samples refer a glass sold 
under the trade name SGG VENUS ( VG 10 ) by Saint 
Gobain® and differ from one another in thickness . 

TABLE 7B 
Solar 
Performance Metric 

196KGA 889FMD 889FMGVG10 VG10 
( 0 . 2 mm ) ( 0 . 5 mm ) ( 0 . 5 mm ) ( 3 . 85 mm ) ( 2 . 1 mm ) 

VG10 
( 0 . 7 mm ) 

T _ L ( A / 29 ) 
T _ L ( ISO 9050 ) 
T _ TS ( ISO 13837A ) 
T _ DS ( ISO 13837A ) 
R _ DS ( ISO 13837A ) 
T _ E ( ISO 9050 ) 
T _ UV ( ISO 9050 ) 
T _ UV ( ISO 13837A ) 
T _ IR ( VW TL 957 ) 

2 . 6 % 
3 . 2 % 

28 . 0 % 
2 . 0 % 
4 . 0 % 
2 . 1 % 
0 . 0 % 
0 . 2 % 
1 . 4 % 

4 . 7 % 
5 . 3 % 

28 . 9 % 
3 . 3 % 
4 . 0 % 
3 . 3 % 
0 . 3 % 
1 , 0 % 
2 . 6 % 

6 . 8 % 
7 . 5 % 

31 . 4 % 
6 . 7 % 
4 . 0 % 
6 . 8 % 
3 . 0 % 
6 . 1 % 
5 . 9 % 

10 . 6 % 
10 . 7 % 
32 . 8 % 
8 . 8 % 
4 . 3 % 
8 . 7 % 
1 . 1 % 
3 . 0 % 
7 . 0 % 

28 . 1 % 
28 . 3 % 
44 . 0 % 
24 . 4 % 

4 . 6 % 
24 . 4 % 
6 . 7 % 
11 . 8 % 
21 . 0 % 

61 . 7 % 
61 . 9 % 
68 . 1 % 
58 . 2 % 

5 . 9 % 
58 . 1 % 
35 . 9 % 
42 . 8 % 
55 . 3 % 

crystals are rod - like in appearance and have an average 
width of about 5 nm and an average length of about 25 nm . 
[ 0114 ] Referring now FIGS . 15A and 15B , provided is a 
TEM micrograph ( FIG . 15A ) and corresponding EDS 
elemental map ( FIG . 15B ) of a heat treated sample of glass 
code composition 889FMC . As can be seen from FIG . 15A , 
the sample includes a plurality of crystallites . The EDS map 
was set to detect titanium . As can be seen , the results of the 
EDS mapping of titanium closely track with the crystallites 
indicating that the crystallites are rich in titanium . In this 
map , the light or ' white ' regions indicate the presence of Ti . 
[ 0115 ] Referring now to Table 7A , provided is an exem 
plary glass composition which is free of titanium . 

[ 0117 ] In Table 7B , T _ L is the total visible light transmit 
tance ( which is the weighted - average transmission of light 
through a glazing at a wavelength range of 380 nm to 780 
nm and is tested in accordance with ISO 9050 Section 3 . 3 ) . 
T _ TS is the total transmitted solar ( also referred to as Solar 
Factor ( “ SF ” ) or Total Solar Heat Transmission ( “ TSHT ” ) , 
which is the sum of the T _ DS ( total direct solar ) plus the 
fraction of solar energy that is absorbed by the glazing and 
then re - radiated into a vehicle interior as measured by ISO 
13837 - 2008 Annex B & ISO 9050 - 2003 section 3 . 5 ) . In this 
instance , the T _ TS is calculated for a parked car condition 
with wind speed of 4 m / s ( 14 km / hr ) % with T TS being 
equal to ( % T _ DS ) + 0 . 276 * ( % solar absorption ) . T _ DS is the 
total direct solar transmittance ( also referred to as “ Solar 
Transmission ” ( “ Ts ” ) or " Energy Transmission ” , which is 
the weighted - average transmission of light through a glazing 
at a wavelength range of 300 nm to 2500 nm as measured by 
ISO 13837 section 6 . 3 . 2 ) ) . R _ DS is the reflected solar 
component ( i . e . , with nominally 4 % Fresnel reflection ) . T _ E 
is the solar direct transmittance . T _ UV is the UV transmit 

TABLE 7A 

Oxides 
( mol % ) 196 KGA 

SiO2 66 . 5646 
9 . 5109 Al2O3 
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tance as measured under ISO 9050 and ISO 13837 A . T _ IR 
is the infrared transmittance as measured under Volkswagen 
standard TL957 . 
[ 0118 ] As self - evident from the data of Table 7B , glass 
code 196KGA has the best optical performance and is able 
to produce the lowest UV , VIS , and NIR transmittance at 
very short path lengths ( 0 . 2 mm ) . The titanium containing 
compositions 889FMD and 889FMG at 0 . 5 mm thickness 
produce superior optical performance to the VG10 glass at 
path lengths at or below 3 . 85 mm . In other words , the 
titanium containing compositions 889FMD and 889FMG 
had superior performance to the VG10 glass despite having 
shorter path lengths . 
[ 0119 ] While exemplary embodiments and examples have 
been set forth for the purpose of illustration , the foregoing 
description is not intended in any way to limit the scope of 
disclosure and appended claims . Accordingly , variations and 
modifications may be made to the above - described embodi 
ments and examples without departing substantially from 
the spirit and various principles of the disclosure . All such 
modifications and variations are intended to be included 
herein within the scope of this disclosure and protected by 
the following claims . 
What is claimed is : 
1 . A glass - ceramic , comprising : 
SiO , from about 50 mol % to about 80 mol % ; 
A1203 from about 0 . 3 mol % to about 15 mol % ; 
B , 03 from about 5 mol % to about 40 mol % ; 
WO2 from about 2 mol % to about 15 mol % ; and 
R , O from about O mol % to about 15 mol % , wherein R , 0 

is one or more of Li20 , Na2O , K20 , Rb20 and Cs20 , 
wherein a difference in the amount of the R , O and the 

A1 , 0 , ranges from about - 12 mol % to about 2 . 5 mol 

8 . The glass - ceramic of claim 6 , wherein the glass 
ceramic has a coefficient of thermal expansion of from about 
10x10 - 7° C . - 1 to about 60x10 - 70 C . - 7 . 

9 . The glass - ceramic of claim 6 , wherein the glass 
ceramic exhibits an optical transmittance of about 90 % or 
greater over a wavelength band from about 500 nm to about 
2700 nm at thicknesses from about 1 mm and about 3 mm . 

10 . The glass - ceramic of claim 9 , wherein the WO , is 
from about 5 mol % to about 7 mol % . 

11 . A method of forming a glass - ceramic article , com 
prising the steps of : 

forming a molten glass comprising SiO , from about 50 
mol % to about 80 mol % , A1 , 0 , from about 1 mol % 
to about 15 mol % , B , 0 , from about 5 mol % to about 
40 mol % , and WOZ from about 2 mol % to about 15 
mol % ; 

cooling the molten glass to form a glass - ceramic article 
having an ultraviolet light cutoff at a first cutoff wave 
length and a first refractive index at a reference wave 
length ; and 

heat - treating a portion of the glass - ceramic article at a 
predetermined temperature for a predetermined time to 
form a plurality of crystalline precipitates comprising 
tungsten within a heat - treated portion of the glass 
ceramic article , wherein the heat treated portion of the 
glass - ceramic article exhibits at least one of an ultra 
violet light cutoff at a second cutoff wavelength and a 
second refractive index at the reference wavelength . 

12 . The method of claim 11 , wherein a refractive index 
delta between the first and second refractive indices is about 
1x10 - 2 or greater from wavelength ranging from about 400 
nm to about 800 nm . 

13 . The method of claim 11 , wherein the second cutoff 
wavelength is longer than the first cutoff wavelength . 

14 . The method of claim 13 , wherein the second refractive 
index at the reference wavelength is greater than the first 
refractive index at the reference wavelength . 

15 . The method of claim 11 , wherein the predetermined 
time is from about 0 . 5 hours to about 2 . 0 hours . 

16 . The method of claim 11 , wherein the predetermined 
temperature is from about 550° C . to about 700° C . 

17 . A glass - ceramic article , comprising : 
SiO2 from about 50 mol % to about 80 mol % ; 
A1 , 0 , from about 1 mol % to about 15 mol % ; 
B , 0 , from about 5 mol % to about 40 mol % ; 
WO2 from about 2 mol % to about 15 mol % ; 
a first portion having an ultraviolet light cutoff at a first 

cutoff wavelength and a first refractive index at a 
reference wavelength ; and 

a heat treated portion comprising a plurality of crystalline 
precipitates comprising tungsten , wherein the heat 
treated portion of the glass - ceramic article exhibits at 
least one of an ultraviolet light cutoff at a second cutoff 
wavelength and a second refractive index at the refer 
ence wavelength . 

18 . The glass - ceramic article of claim 17 , further com 
prising : 

at least one dopant selected from the group consisting of 
Ti , V , Cr , Mn , Fe , Ni , Cu , Pb , Pd , Au , Cd , Se , Ta , Bi , 
Ag , Ce , Pr , Nd , and Er . 

19 . The glass - ceramic article of claim 17 , wherein a 
refractive index delta between the first and second refractive 
indices is about 1x10 - 2 or greater from wavelength ranging 
from about 400 nm to about 800 nm . 

% . 
2 . The glass - ceramic of claim 1 , wherein the difference in 

the amount of R . O and the A1 , 0 , ranges from about - 6 mol 
% to about 0 . 25 mol % . 

3 . The glass - ceramic of claim 1 , wherein the difference in 
the amount of RO and the A1 Oz ranges from about - 3 mol 
% to about O mol % . 

4 . The glass - ceramic according to claim 1 , further com 
prising : 

at least one dopant selected from the group consisting of 
Ti , V , Cr , Mn , Fe , Ni , Cu , Pb , Pd , Au , Cd , Se , Ta , Bi , 
Ag , Ce , Pr , Nd , and Er . 

5 . The glass - ceramic according to claim 1 , wherein the 
amount of SiO2 is from about 60 mol % to about 70 mol % . 

6 . A glass - ceramic , comprising : 
SiO2 from about 55 mol % to about 75 mol % ; 
A1203 from about 5 mol % to about 12 mol % ; 
B , 0 , from about 10 mol % to about 25 mol % ; 
WO , from about 4 mol % to about 10 mol % ; and 
R , O from about 3 mol % to about 12 mol % , wherein R , 0 

is one or more of Li20 , Na20 , K20 , Rb20 and Cs20 , 
wherein the glass - ceramic comprises an optical transmit 

tance of at least 60 % from about 700 nm to about 2700 
nm and a sharp cutoff wavelength from about 320 nm 
to about 420 nm . 

7 . The glass - ceramic of claim 6 , wherein the glass 
ceramic comprises a plurality of crystalline tungsten pre 
cipitates selected from the group comprising WO3 and 
tungsten containing phases . 
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20 . The glass - ceramic article of claim 17 , wherein the 
crystalline phase of the glass ceramic article lacks tungsten 
having an oxidation states less than + 6 . 


